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PREFACE 


The object of this book is to bring together in one volume sufficient 
material on controllers to give technical students, operating engineers, 
and purchasers and users of electrical apparatus a good general idea of 
their design and operation. 

The types and methods of control described are illustrative of those 
in general use. No attempt has been made to represent all types of 
commercial equipment. Special control systems, such as those applied 
to elevators, steel mills, and paper mills, have not been included, since a 
detailed knowledge of the performance problem is necessary for an under¬ 
standing of them. The information given here can always be supple¬ 
mented by exact data covering the particular design under consideration. 

Some elementary chapters have been included for the benefit of 
readers who have had little experience with control apparatus. Most of 
the diagrams are of an elementary nature. When it is necessary to 
repair or adjust a controller, a diagram and instructions should be 
obtained from its maker. 

The senior author’s previous book, which was published by the 
D. Van Nostrand Company, is now out of print. Since its publication 
there has been a great increase in the importance of motor control, and 
many improvements have been made in its method and design. Each of 
the new developments is discussed in the present volume, which also 
incorporates those parts of the previous one which are still applicable. 
The new coauthor contributes the fruits of his long experience in control 
and application. 

Among the subjects discussed is the electron tube, which has given 
engineers a new tool, first as a master switch to initiate control action, 
then as a converter to operate a d.c. motor from a.c. power and to control 
the motor voltage, as explained in Chap. XIX. So far such control is 
available only for small motors, but larger control seems practical at a 
later time. 

Magnetic contactors are presented in Chap. IV. The deion principle 
or rupturing a.c. arcs is explained and its application is shown. The 
interlock details and the flexible shunt, which is now mounted to give 
long life, are also discussed. 

The time-limit method of acceleration, which also gives forced acceler¬ 
ation, is now popular and is discussed in Chap. VI. It requires double 
overload protection—one element or device to permit short-time over- 
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loads but to protect against overheating, the other to open the circuit 
immediately if an excessive overload occurs. Some relays now combine 
these features (see Chap. XX). Magnetic time-delay acceleration and 
new types of dashpots for timing are both used. Some systems also 
include current limit. Another method makes use of the time required 
to charge or discharge a condenser. The tendency is to reduce the 
number of coils and interlocks as much as possible. 

The development of plugging control is covered in Chap. IX. Various 
relay schemes are now available. 

The motor-generator control of motor voltage is discussed in Chap. 
XI. The combination of a series generator with a series motor and 
means for adjusting the generator-field strength have made variable- 
voltage control available for small motors. 

The development of the Regulex, the Ampledyne, and the Rototrol 
has provided new tools for regulating motor speed. These are described 
in Chap. XI. 

Most squirrel-cage induction motors are started at full voltage, 
which has been made possible by larger power systems. Reduced-voltage 
starting, using series resistors, is simpler than the autotransiormer starters 
but takes more current from the line. This question is analyzed in 
Chap. XVII. 

Synchronized motors have a desirable influence on the power factor, 
and their control is simplified and made more rugged (see Chap. XVIII). 
New types of time-delay overload relays, which more nearly represent 
the time of heating the motor, are illustrated in Chap. XX and include 
some types mounted in the motor itselt. 

Recommendations for maintenance of control equipment are given 
in Chap. XXL 

The authors wish to express their appreciation for the assistance 
received from engineers associated with them and to thank the various 
manufacturers who so kindly furnished material for the illustrations. 

H. D. James, 

Lewis Edwin Makkle. 


Pittsburgh, Pa., 
April , 1945. 
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CHAPTER I 

FUNCTION AND TYPES OF CONTROL 

THE FUNCTION OF CONTROL 

The proper understanding of an electric controller requires that it be 
considered as a part of the motor; the controller should be designed to 
take care of the functions not incorporated in the motor design, in order 
to enable the latter to operate under tho specified conditions of load. 
Every motor has certain inherent characteristics that enable it to adapt 
itself to somfe of the conditions encountered in practice. In many cases, 
however, the motor would be very expensive and also very inefficient if 
it were given the necessary characteristics to prevent its being injured 
or to prevent injury to the load during the cycle of operation. The func¬ 
tions usually supplied by the controller are as follows: 

To Limit the Current during the Acceleration of the Motor. —The 
ohmic resistance of a motor is very low, so that when it is connected 
to the line while it is at rest a very large current would be drawn from 
the line if external resistance were not used to limit this current. As the 
motor accelerates it develops a counter e.m.f., which reduces the voltage 
available for causing a current to flow; hence the current is reduced. 
The current at any instant can be calculated by subtracting the counter 
e.m.f. from the line voltage, and dividing the result by the ohmic resist¬ 
ance in circuit (see Fig. 1). It is evident from the above that as the 
motor increases in speed the line current decreases (see Fig. 2) and 
the starting resistance may be reduced (see Figs. 3 and 4), until the motor 
is finally connected to the line without any external resistance. The short 
circuiting of this starting resistance can be done in several different ways. 

Some d.c. motors are designed to be accelerated from rest, without 
the use of external starting resistance; these motors are, however, for 
use in particular applications. The squirrel-cage induction motor can 
also be started by connecting it directly to the line. 

The motor armature is stationary when it is first connected to 
the line, and the current = volts -f- ohms. The ohmage in the arma- 

1 



2 


CONTROLLERS FOR ELECTRIC MOTORS 


ture is very low, say 0.5 ohm; the total ohmage should be equal to 
volts - 4 - current. Assume an e.m.f. of 230 volts and a current of 46 
amp., 2S %e = 5 ohms. Then 5 — 0.5 = 4.5 ohms external resistance. 
When the controller arm is on position 1 in Fig. 1 , the current will 
be 46 amp. 



Fig. 1.—Voltage acioss the armature terminals when the armature is at rest and the circuit 

lias been closed 


When the motor armature revolves, it generates a counter e.m.f. 
(voltage). When this counter voltage is 50, the current will be 



36 amp., 


which is assumed as full load (Fig. 2) 36 X 0.5 = 18 volts drop 
through the armature resistance. Now move the controller to point 2 



Fig. 2.—The motor has now accelerated until the toique is balanced by the load. 


in Fig. 3 giving an external resistance of 3.5 ohms. The current now is 
3^ 5 ” ~ 4 “ = 45 amp. This increased current will cause the motor 

to speed up until the counter voltage reduces the current to 36 amp. 
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The voltage drop in the external resistance is 3.5 X 36 «■ 126 volts. 
230 — 126 = 104 volts across the armature. The controller is then 
moved to point 3 and then point 4, thereby bringing the motor up, to 
full speed. 

To Limit the Torque during Acceleration. —The torque of a motor 
is proportional to the current multiplied by the field strength. It is 



Fig. 3.—The controller is now moved to the second resistance step and the motor again 

accelerates. 

often desirable to start a motor with a gradually increasing torque; this 
can easily be done with a shunt motor by starting it with zero field 
strength. The shunt field of the motor is connected to the line at the 
same time as the armature. Since it takes an appreciable time for the 
field to build up to full strength, the torque will increase gradually and 



Fig. 4.—The motor has increased its speed until the torque is again balanced byjfehe load. 

give an easy start. In this way a shunt motor can be started with twice 
full-load current, or even greater current, and not cause a shock, or jar, 
to the motor or to the apparatus to which the motor is connected. A 
series or compound motor, started in the same way, will build up its 
torque much faster. The induction motor also builds up its torque 
rapidly. No motor, however, will build up its strength instantly, so 
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that it is not likely that any type of motor will give a hard shock to the 
machinery if it is started with zero field strength. 

To Change the Direction of Rotation of the Motor. —In many classes 
of service the motor is required to reverse its direction of rotation repeat¬ 
edly. It is a well-known fact that the d.c. motor can be reversed in 
rotation by reversing the current through the armature and keeping 



Fig. 5.—Ciane piotective panel showing overload relayb with a tune-element to delay the 
ielays fiom opening the circuit. 

the field in the same direction. The induction motor can be reversed 
by reversing one of the phases, and this is usually done by interchanging 
any two leads on a three-phase motor or interchanging the two leads 
in one phase of a two-phase motor. Where the motor operates con¬ 
tinuously in one direction, these connections can be adjusted at the 
time of installing the motor, but where the reversal of rotation occurs 
frequently, some substantial form of reversing switch should be included 
in the controller. 
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To Limit the Load of the Motor. —This is usually done by means of 
fuses or a circuit breaker for manual control. Where the main-line 
switches are operated by magnets, an overload relay is used to deenergize 
the magnet and allow the switch to open. All overload devices should 
be provided with some form of time-element attachment. This will 
allow the motor to take a short peak load of a few seconds’ duration 
without disconnecting itself from the line, which is very desirable, as 
such short-time peaks occur during acceleration and often during the 
normal operation of the motor. 

Sometimes an overload relay is provided for inserting the starting 
resistance in the motor circuit in case of overload. This arrangement is 
required in special cases where it is undesirable to have the motor torque 
entirely cease. Such relays are sometimes called “ jamming relays.” 

To Disconnect the Motor upon Failure of Voltage.—The voltage 
supply sometimes fails, and a serious injury might result upon the 
reestablishment of voltage if the motor were left connected to the line 
without the starting resistance. Manually operated starters and con¬ 
trollers are provided with a latch, held in place by a shunt magnet. 
This latch retains the controller in the running position. Upon the 
failure of line voltage, the catch is released and the controller is mechani¬ 
cally returned to the starting, or Off, position. 

Magnetic contactor control automatically returns to the Off position 
upon the failure of line voltage, as the magnets are deenergized under such 
conditions. The controller can be connected so that it will automatically 
start the motor again upon the return of voltage to the line, in which case 
the circuit or device is known as “low-voltage release.” Where it is 
necessary for the operator to perform some function, such as pushing a 
button after the failure of voltage, the circuit or device is known as 
“low-voltage protection.” The latter is the one usually required, as an 
operator may be working on the machinery, and there is danger of its 
being started automatically and injuring him upon the return of voltage. 

To Regulate the Speed of Rotation.—Frequently a motor is con¬ 
nected to a load requiring different operating speeds. This speed change 
can be effected in several different ways, the most common of which 
are as follows: 

Armature Control .—Armature control (see Fig. 6) consists in putting 
resistance in series with the motor. Direct-current motors have this 
resistance in the armature circuit, and the voltage across the motor 
brushes is less than the line voltage, owing to the drop through this 
external resistance. Wound secondary induction motors are controlled 
in a similar way, by connecting the resistance in the secondary circuit 
(see Fig. 7). The drop in speed is in this case a little more complicated 
to calculate; the reduction in speed is proportional, however, to the 
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voltage drop through resistance. Motors controlled in this way are 
called “variable-speed motors.” The speed at which the motor operates 
depends directly upon the torque required by the driven load. A change 
in torque causes a corresponding change in current, and the drop through 
the external resistance is equal to the current multiplied by the ohms. 


Field 



Tig ()—Dircft-cuiient motor with aimatuie resistor 



Fig 7 —41torn itmg-c urrent motor with secondary resistor 



Tig 8 -Direct-current motor atianged foi changing the held strength 
Gen f/e/d 


Fig. 9.—Method of changing the voltage of a d.c. motor by changing the generator field 

strength. 

Changing the Field Strength .—In d.c. shunt motors changing the field 
strength varies their speed (see Fig. 8). This is usually done by con¬ 
necting a rheostat in series with the shunt-field winding of the motor. 
Such motors are called “ adjustable-speed motors,” since the speed 
remains practically constant under all conditions of loading. Com¬ 
mercial motors of this type are built with speed ranges as high as four to 
one. At present no a.c. motors of this class are in commercial use. 
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Changing the Voltage of the Supply Circuit. —This also varies the speed 
of a motor (see Fig. 9). It is usually done by supplying each motor 
from a separate generator. This system of control is applied to elevators, 
mine hoists, reversing steel-mill motors, paper mills, machine tools, and 
many other motors (see Chap. XI). 

To Start and Stop the Motor at Fixed Points in the Cycle of Opera¬ 
tion, or at the Limit of Travel of the Load. —This feature can be obtained 
by the use of limit switches, which are operated by the machinery to 
which the motor is attached. They usually interrupt only a small 
circuit, thereby opening magnetic contactors, which, in turn, disconnect 
the main motor circuit. These limit switches may be connected by 
gearing to the driven machinery, in which case they are called “ geared ” 
limit switches. Where the limit switches are mounted along the runway, 
and operated by the machinery striking the switch, they are called 
“track,” “stroke,” or “hatchway” limit switches. 

To Stop the Motor. —The motor can be brought to rest by either 
friction or dynamic braking (see Chap. IX). 

Friction braking is accomplished by a mechanical brake, which is 
usually applied by a heavy spring and released by a magnet in series with 
the main circuit of the motor. In this case the brake is set whenever 
there is no current in the motor, and consequently,no special arrangement 
is necessary on the controller to apply the brakes. 

Dynamic braking requires at least one additional switch on the con¬ 
troller. It is accomplished by disconnecting the armature from the line 
and short-circuiting it on itself through a resistance with full field strength, 
the energy stored in the rotating parts being dissipated in heating the 
resistance. 

To Protect the Operator from Injury. —It is very important to ensure 
the operator who uses the machinery against injury either during the 
starting of the motor or during the subsequent operation of the machin¬ 
ery. This requires the control apparatus to be properly protected, so 
that there is little danger of the operator’s receiving a shock, or being 
burnt by an arc, in starting or during the operation of the machinery. 
Accidents may occur that require quick stopping of the machinery. To 
effect this result, safety stop devices are frequently placed around the 
machinery. They are operated either automatically or manually, 
depending upon conditions. These devices must be adapted to each 
particular application; but they are very important and should be 
carefully considered by engineers in specifying the electric drive. 

THE CLASSIFICATION OF CONTROL APPARATUS 

Electric controllers can be roughly divided into two general classes: 
manual acceleration and automatic acceleration. 
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Manual Acceleration. —This class comprises control apparatus in 
which the acceleration of the motor is entirely under the control of 
the operator. Illustrations of this are the faceplate- and drum-type 
controllers. 

Automatic Acceleration. —This class comprises control apparatus in 
which the acceleration of the motor is performed automatically. 

These terms are usually applied to the method of acceleration. Con¬ 
trollers may have a combination of these two methods; for example, a 
magnetic contactor type of crane controller may have a master switch 
with five or six notches. The acceleration between notches is automatic, 
but the operator can determine the direction of rotation and the speed of 
the motor. The rate of change in speed, however, is automatic. 

Controllers, including starters, may be divided into the several groups 
given below. These groups do not include every type that is built, but 
they give a good idea of present practice. The advantages and limita¬ 
tions listed must be interpreted in a very general manner, as they may 
not apply in many special cases. The magnetic contactor controller is 
usually automatic. The other types are generally manual; but automatic 
acceleration may be obtained by using an electric motor or an air cylinder 
to operate them. 

Faceplate Controllers 
(Fig. 15) 

Advantages 

1. Low in price. 

2. Compact, usually with self-contained resistor. 

3. Easy to mount on wall or switchboard. 

4. Flexible in design, can be readily altered. 

5. Inexpensive, as to renewals of contacts and repairs. 

6. Low-voltage protection feature easily applied. 

Limitations 

1. Design usually not well adapted to taking care of arcing. Fpr this reason it is 
not good for heavy or frequent service. 

2. Design usually not rugged mechanically. 

3. A type that presents difficulties where the connections are complicated, such as 
a reversing control for wound secondary motors. 


Advantages 


Drum Controller (Cylinder Type) 
(Fig. 10) 


1. Low in price in small and medium sizes. 

2. Compact, but with separately mounted resistor. 

3. Entirely enclosed. Can be made dustproof, sprayproof, or gasproof. 

4. Strong mechanically and simple to operate. 

5. Capable of having various mechanical retarding devices attached to prevent too 
rapid acceleration. 
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6. Capable of having complicated connections made; i.e ., forward and reverse, or 
power and brake, on the same drum. 

Limitations 

1. Modification of design, difficult and expensive. 

2. Frequent inspection and adjustment of contacts necessary. 

3. Rapid deterioration of contacts under severe conditions. 

4. Care of the energy of the arc, sometimes difficult. 

5. Limitation as to size. 

6. Large sizes, difficult to operate. 



Fig. 10.—Dunn eontrollei with cover Fig. 11.—Drum controller, sectional 

icmovcd. view, showing the sliding contact made 

between the finger B and the drum cylinder. 


Cam Conthollers (Manually Operated) 

(Fig. 12) 

Advantages 

1. Low in price. 

2. Compact in design, but with resistor separately mounted. 

3. Entirely enclosed. Can be made dustproof, sprayproof, or gasproof. 

4. Strong mechanically and simple to operate. Can* be provided with reciprocat¬ 
ing as well as rotating handle. 

5. Capable of having various mechanical retarding devices attached to the handle 
to prevent too-rapid acceleration. 

6. Capable of having complicated connections made readily. 

7. Capable of having new combinations made easily by changing the number of 
units and the shape of individual cams. 

8. Rolling contacts used, which are usually free from welding. 

9. Contacts, easily and cheaply renewed. 

10. Entire unit can be replaced if necessary. 
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11. Easy to inspect. 

12. Quick closing and opening not found m drum controllers 

13. Combining the simplicity of the manual controller with the durability of mag « 
netic control. 

Limitations 

1. The larger sizes require more power to operate than does a master switch. 

2. On account of the enclosure the continuous capacity may be reduced and the 
energy of the arc must be limited. 

3. There are limitations in size. 



Fig. 12- Cam contiollei with the oovei removed. 


Advantages 


Magnetic Contactor Control 
(Fig 13) 


1. Long life of contacts because of the rolling action and a quick opening and 
closing. 

2. Positive opening and closing of contacts 

3. Flexibility in adapting controller to various designs. 

4. Can be arranged with various safety attachments. 

5. More foolproof than other types. 

6. Strong and rugged mechanically. 

7. Automatic control can be obtained. 

8. Contacts are easily and cheaply renewed. 
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9. Entire unit can be replaced if necessary. 

10. Inspection easy. 

11. A saving in copper connections, as the controller can be located close to the 
motor, and the master switch wherever convenient. 

12. A time element in closing and opening, not found in drum controllers. 

Limitations 

1. More expensive than manual controllers. 

2. The larger sizes occupy considerable space. 

3. The wiring diagram is complicated. 



Fig. 13. - Magnetic contactor contiollei with door of cabinet open. 


Advantages 


Liquid Controllers 
(Fig 245) 


1. Large thermal capacity for starting. 

2. Very gradual change of resistance. 

3. Absence of arcing or other wear, as no contacts are used (except line switch). 

4. The resistance can be easily adjusted by varying the amount of soda in the 
solution. 

5. It can be readily adapted for automatic operation. 
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Limitations 

1. Considerable floor space is required. 

2. The electrodes are subject to corrosion. 

3. Cooling water is required for the larger sizes. 

4. The use of the liquid limits its application. 

In specifying control apparatus, the following information should 
always be included. 

1. The characteristics of the power circuit, such as voltage, frequency, number of 
phases, voltage regulation, should be given. 

2. A brief description of the control apparatus required should be included. 

3. If the motor speed is to be adjusted, the speed range should be given, the load 
at the maximum and minimum speed and the number of speed points. 

4. The cycle of operation should be stated in detail, particularly the number of 
starts made by the motor per hour. 

5. A description should be given of the machine that the motor drives, particularly 
the torque required to accelerate to full speed. 

6. A description of any unusual features of the installation, such as moisture, dust, 
acid fumes, limited source of power, space available for the apparatus, etc., should be 
noted. 

7. Complete rating (nameplate reading of the motor) should be given. 

All this information is necessary for the intelligent selection of both 
the motor and the control. In the absence of any of this information, 
the engineer furnishing the electrical apparatus must guess at the require¬ 
ments on the basis of the best average practice. This will often take care 
of the situation, but exact information is very much better. 



CHAPTER II 


HOW TO READ CONTROLLER DIAGRAMS 

A controller diagram consists of a group of symbols joined together by 
lines that represent wires; the symbols represent the motor and the 
controller elements. It is a sign language used to express the functioning 
of the control system. 

The symbols and terminal markings used in this book are listed on 
page 30. Some-of these symbols are more elaborate than those used on 
manufacturers' diagrams because they require less imagination to under¬ 
stand and arc, therefore, easier to read. After anyone has become 
experienced in reading diagrams, he can understand any reasonable 
symbols. 

The present discussion is intended to deal, in an elementary manner, 
with a few simple forms of controllers, with the intention of explaining 
some of the fundamental principles of operation. A thorough under¬ 
standing of this section will be of material assistance in the consideration 
of subsequent discussions of more complicated forms of controllers as 
they are used in various industries. 

FACEPLATE CONTROLLERS 

The faceplate controller is the simplest type used for starting or 
regulating the speed of an electric motor. Figure 14 illustrates the 
elements of this controller. While this arrangement is operative, com¬ 
mercial apparatus usually has additional features, which in this instance 
are omitted for the purpose of clearness. L+ and L— represent the two 
power wires leading to the controller and a compound-wound motor. If 
the rheostat arm be moved from the Off position, shown in the diagram, 
to the contact Ri, current will flow from L+ to the arm, from this to 
contact Rij through the regulating resistance to Rio , thence through the 
armature and series field of the motor to L —. The shunt field is con¬ 
nected from Ri to L —, and is energized as soon as the rheostat arm 
makes contact with R u The voltage across the armature will be equal 
to the line voltage minus the voltage drop through the regulating resistor. 
The torque of the motor will be proportional to the armature current 
and the field strength. When the contact is first made at Ri the field 
strength is zero; it takes a short interval for the field to reach its full 
value, so that under ordinary conditions the torque will increase from 
zero to a value that will start the motor. The rotation of the armature in 
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the motor field generates a voltage known as the counter e.m.f. which 
opposes the line voltage. As the motor increases in speed, the differ¬ 
ence between the line and counter e.m.f. becomes less and the motor 
current decreases until a balanced condition is reached. When this bal¬ 
ancing condition is reached, the speed of the motor may be further 
increased by moving the rheostat arm to contact R 2 . Additional incre¬ 
ment^ of speed are obtained by additional movements of the arm to other 
contacts until all of the regulating resistance is eliminated from the cir¬ 
cuit and the arm rests on contact R i 0 . The arm should be allowed to 
remain on each contact until the motor reaches its balancing speed for 


Regu/ating resistor 



I^ig. 14.—Elementary controller with face-plate rheostat. 


that step of the resistance, so that the minimum amount of current will 
be taken by the motor. 

In bringing the motor to rest, the reverse operation of the arm is 
made. In passing from contact R\ to the Off position, the connection 
between the motor and L+ is interrupted, causing the motor to come to 
rest. The shunt field, however, will still be connected across the arma¬ 
ture of the motor, including the regulating resistor. This connection 
should be used wherever possible, as it allows the field current to die 
down gradually as the speed of the motor decreases. The drop in voltage 
through the starting resistor, with only the field current flowing, is so 
small that it may be neglected and the field can be considered as having 
a voltage equal to the counter e.m.f. of the motor. The shunt-field wind¬ 
ing consists of a large number of turns of fine wire. Any change in the 
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value of the field current is opposed by the self-induction of this winding, 
so that a change in the current should be made gradually. If an attempt 
is made to open the field circuit abruptly, the self-induction will cause a 
high voltage to build up between the terminals of the field coils, which 
may result in the breaking down of the insulation. 

If the rheostat is to be used for starting purposes only, the resistor 
is made of less current-carrying capacity than that needed for regulating 
purposes. It is called a “starting rheostat,” or a “ regulating rheostat,” 
depending upon the purpose for which it is used. The connections, 


ftes/sfor 



however, are the same, the difference being only in the capacity of the 
resistor. A commercial design of starting rheostat is shown in Fig. 15. 
This rheostat differs from the one previously described, in the addition of 
the low-voltage release magnet. The rheostat arm is provided with a 
spring, which returns it to the Off position if the handle is released during 
the starting of the motor. After the motor has been brought up to speed 
and the rheostat arm rests upon contact f?n, the low-voltage release 
magnet holds the arm in this position. Brush T bridges between the 
terminals M and N, so that in the running position the current passes 
from L+ to terminal M, through the brush B to terminal N, thence to 
the armature of the motor and through the series field to L —. This 
provides a circuit parallel to the one through the rheostat arm to contact 
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Ru, so that the continuous flow of current will not overheat the rheo¬ 
stat arm and its contacts. In the running position, the rheostat arm is 
held firmly by the low-voltage release magnet, so that current flows from 
L+ through the rheostat arm to point P on the magnet. One circuit 
then passes through the magnet winding to L —. The other circuit is 
connected to the shunt field. If, for any reason, the line wires are dis¬ 
connected or the voltage on the circuit fails, the low-voltage release 
magnet will be deenergized and the spring will return the rheostat arm 
to the starting position. 



Fig. 16.—A starting and speed regulating rheostat having both armature and field resistoiH. 


A controller provided with both armature- and field-regulating 
resistance is shown in Fig. 16. The motor is known as an adjustable- 
speed motor and can have its speed changed by adjusting its field strength. 
The rheostat arm is made in two parts, the under part making contact 
with the segments marked R\ to R 12 and with the contact ring E , while the 
top arm engages the upper row of round contacts. When starting, the 
two arms are held together by a latch. The bottom arm is provided with 
a notched segment engaging a plunger forming part of the low-voltage 
release magnet. The notched segment and the pawl hold the arm in any 
operating position after the low-voltage magnet is energized. 
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To start the motor, the contact arms are moved from the Off position 
to contact Ri. The current flows from L+ through the arm to contact 
Ri, thence through the armature-regulating resistor to contact # 12 , and 
then through the armature and series field to L—. The shunt-field cur¬ 
rent flows from L+ through the arm to the segment E , to the field wind¬ 
ings, and thence to L-. Connected with R\ is a shunt circuit passing 
from the positive side of the line 
through the low-voltage release mag¬ 
net to the negative side of the line. 

The arms are gradually moved to the 
right, eliminating successively each 
section of the armature resistor until 
the bottom arm makes contact with 
# 12 . In this position the armature 
is connected directly across the line 
and the segment E is disconnected 
from the rheostat arm. The shunt- 
field circuit now is from the positive 
side of the line through the upper 
rheostat arm to the right-hand field 
contact F i2 , thence to the field wind¬ 
ing. This gives a motor speed corre¬ 
sponding to full field strength If it 
is desired to increase the speed of the 
motor, the upper arm can be moved 
to the left across the field contacts to 
insert resistance gradually in the 
shunt-field circuit and thus within its 
range give the increased speed re¬ 
quired, while the low-voltage release 
magnet holds the lower arm on con¬ 
tact R\ 2 - 

If the circuit is interrupted, the 
low-voltage release magnet will allow 
the lower arm to be carried to the off position by means of its spring. It, 
in turn, picks up the upper arm and the two are moved quickly to the Off 
position. 



Fig 17 —Dium eontiollei with covtji 
leraoved and arc boxes rotated away 
from the contacts 


DRUM CONTROLLERS 

A drum type of controller is shown in Fig. 17. Such a controller 
consists of two rows of contact fingers attached to the framework of 
the controller, but insulated from it so as to be electrically separated 
from each other. Between these rows of fingers is mounted an insulated 
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cylinder, or drum, which is revolved by the handle. On this drum are 
mounted copper segments of different lengths, which engage the contact 
fingers. The length and location of these segments are such as to make 
different connections for each “notch” of the controller. Attached 
to the drum shaft at the top is a wheel having notches corresponding to 
each of the operating positions of the controller handle. A roller is 
forced into one of these notches by a spring whenever a set of contacts is 
properly engaged, thus indicating to the operator the correct running 
positions of the controller and preventing motion from any of these 
positions, due to vibration or other accidental means. Figure 18 shows 


Zjg O 

B o 


Fs o 
E s o 
Ds o 
F 4 o 
E 4 o 
D 4 o 
Fj o 


Reverse 

Fi°. Diagrammatic representation of a drum switch and its contact fingers rolled out 
flat. (Sec Fig. 20 for a complete diagram.) 

the segments of such a drum as they would appear if rolled out flat. 
The two vertical rows of circles represent the stationary contact fingers. 
The horizontal strips represent the segments of the rotating drum, and the 
vertical dotted lines show the position of the segments with respect to 
the controller fingers at each successive position of the drum. 

A slip-ring motor control arrangement with the controller connected 
only to the secondary circuit of the motor is shown in Fig. 19 with the 
drum rolled out, or “developed,” as in Fig. 18. When the primary of 
the motor is connected to the power line, current passes through the 
secondary wires and thence through the resistor, completing the circuit. 
When the motor is at zero speed the controller drum should be in position 
1. If the cylinder of the drum is now moved from right to left, the 
dotted line 2 travels over to the center line of the contact fingers and the 
resistor section E to Ei is short-circuited, decreasing the resistance in 
part of the secondary circuit of the motor. As the speed of the motors 
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increases, a further movement of the drum will cause the vertical line 3 
to intersect the contact fingers. This will short-circuit the resistor sec¬ 
tion from D to D\. At each increase of the motor speed a further move¬ 
ment of the drum may be made until the vertical line 13 intersects the 
controller fingers. In this position all of the resistor is short-circuited 
and the motor is operating at full speed. 

A drum-controller diagram similar to that shown in Fig. 19, except 
that it provides for reversing the direction of rotation of the motor, is 



Fig. 19.—A nonreversing controller for a three-phase, wound-secondary, induction motor 
showing the resistors and drum development. 


given in Fig. 20. One motor terminal marked C is connected directly to 
the line. The other two terminals of the motor, marked A and 2?, are con¬ 
nected to correspondingly marked terminals of the controller. In the 
forward direction, the drum segments on the right-hand side of the dia¬ 
gram move toward the left-hand row of fingers, and the segments on the 
left-hand side of the diagram move toward the middle row of fingers. 
This will be understood if the developed diagram showing the drum con¬ 
tacts is replaced so as to fit on the surface of a cylinder, or drum, and the 
contact fingers marked on two vertical sticks of wood mounted on each* 
side of the cylinder 180 deg. apart. When the drum segments are 
moved from left to right for forward operation, the terminal A of the 
motor is connected through finger A i, and the second and third segments 
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from the top, which are connected together as indicated, to L\ power 
wire. Likewise, the terminal B of the motor is connected to L 2 power 
wire. 

The arrangement of the drum contacts for short-circuiting the sec¬ 
ondary resistors differs somewhat from that shown in Fig. 19. The first 
notch in the forward direction closes the contacts to the primary of the 
motor A to Li and B to L 2 . A drum segment is brought in contact with 
the finger marked D\ on this notch, but as no other connection is made 



Fig. 20.—A reversing contiollci for an a c , wound-secondary, induction motor. The drum 
development alone is shown in Fig. 18. 


to the resistors this contact causes no change in the secondary resistance. 
The motor, therefore, starts to rotate at its minimum speed with all 
resistance in the secondary. When the drum is moved over until the 
dotted line 2 intersects the central row of fingers, the one marked E\ is 
connected to the drum, short-circuiting the section of the resistor between 
Di and E i. Next the dotted line marked 3 intersects the central row of 
fingers and F 1 is connected to the drum, short-circuiting another section 
of the resistor. This sequence is continued until the dotted line 8 inter¬ 
sects the central line of fingers connecting U 3 to the drum. A further 
movement of the drum causes the dotted line 9 in the right-hand part to 
intersect the left-hand row of fingers connecting resistor F 3 to the drum. 
The dotted lines 10 to 15 successively intersect the left-hand row of fin- 
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gers, gradually short-circuiting all of the resistor, which brings the motor 
up to full speed. , 

The reverse direction of operation causes the drum segments to move 
from right to left. In this case the left-hand dotted lines are brought 
into contact with the left-hand row of fingers and the right-hand row 
of dotted lines into contact with the middle row of fingers. The primary 
terminal A of the motor is connected to line L 2 and the terminal B of 
the motor line Li, when the dotted line 1 intersects the middle row 
of fingers. A further movement of the drum from right to left causes 
the dotted lines 2 to 8 to intersect successively the central row of fingers. 
This short-circuits a part of the starting resistors. Further movement 
of the drum from right to left causes the contact shown on the dotted 
line 9 to intersect the finger F s . A further movement brings the dotted 
lines 10 to 15, inclusive, so that they successively intersect the left-hand 
row of fingers. This short-circuits all of the resistor and brings the motor 
up to speed in the reverse direction. 

MAGNETIC-CONTACTOR CONTROL 

In a simple starter of the magnetic-contactor type, the controller 
consists of a panel, at the top of which are mounted a knife switch, 
with two fuses for overload protection, and four contactors underneath. 
A contactor is a switch that is held in the Open position by gravity and 
closed by a magnet. Contactor 1 (see scheme of main connections in 
Fi^. 21) is provided with a blow-out coil, because of opening and closing 
the main motor circuit. Contactors 2, 3, and 4 are used for short- 
circuiting the starting resistor sections, which are mounted in the rear 
of the panel. This arrangement is shown diagrammatically in Fig. 21, 
with a scheme of main connections at the left. At each point where the 
circuit is broken,by two small parallel lines is a contactor. The numbers 
opposite these parallel lines are the same as those shown in the main 
diagram. The single loops represent the series coils for contactors 2 
and 3. An arrow is drawn between the parallel lines representing these 
switches and the loop representing the coil for each particular contactor. 
Underneath this scheme of main connections is shown a table called 
“ Sequence of switches.” This table has four vertical rows, in which 
circles are drawn. The first row represents the first starting position 
of the controller, and the last row the running position of the controller. 
Where a circle is shown opposite a switch number it indicates that that 
contactor is closed. This table is used as follows: 

In the first vertical column, opposite 1, is shown a circle that indi¬ 
cates that the contactor 1 is closed. This operation connects the shunt 
field of the motor from the point B to the negative side of the line. This 
arrangement of shunt-field connections is the same as was previously 
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explained. Now refer to the schematic diagram and trace the main 
current from the positive side of the line through contactor 1 and the 
coil of 2, to Ri of the resistor, through this resistor to the Ai terminal 
of the motor, through the motor armature and series field, to the negative 
side of the line. Referring again to the table, it can be seen that in the 
second column contactor 2 also is closed, the path of the current being 
from the positive side of the line through 1 and 2 contactors, the coil 
of contactor 3, to R 2 on the resistor; from there it follows the same path 
as that for the first column. The third column of the table shows 



Fig. 21.—Connections of a magnetic contactor controller with three starting steps. 


that contactor 3 is closed. The current now passes to 7i 2 , as has been 
previously described, through one section of the resistor to Rz, from here 
to A 1 on the motor armature, and through the armature and series fields 
to the negative line. The fourth column of the table shows that con¬ 
tactors 1 and 4 only are closed. The path of the current then is from 
the positive line through switch 1 to B , then through switch 4 to 4i, 
through the armature and series field to the negative line. This connects 
the motor directly to the line, without any external resistance, and is the 
full-speed position of the controller. 

In the main diagram, the magnetic contactors are represented by 
circles and the operating coils are shown inside the circles. The moving 
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contact is represented by the bottom of the two parallel lines. The upper 
parallel line is the stationary contact connected to the upper terminal 
of the switch. When the coil is energized sufficiently to attract the 
armature, the two parallel lines are brought together and current can 
flow between the top and bottom terminals of the switch. Underneath 
contactor 1 is a small switch, indicated by square dots, and a pivoted arm. 
When 1 is open, this auxiliary switch, known as an “interlock,” is also 
open. The two contacts connected to the arm of this interlock are 
joined together electrically and to the hinge joint, so that they complete 
the circuit between the stationary contacts 10 and 100 and the pivot, 
when 1 closes. To the right of the diagram is a rectangle enclosing two 
push buttons. The button marked Start is held in the open position 
by a spring and the Stop button is held in the closed position by a spring. 
If the Start button is depressed for a moment, current flows from the 
positive line through the knife switch and fuse to the coil of switch 1, 
through this coil to the terminal 1 of the Stop button, to terminal 10 and 
through the Start button, fuse, and knife switch, to the negative side 
of the line. This energizes the coil of contactor 1 and closes the main 
contact. This coil is now connected from terminal 1 through the Stop 
button to terminal 10 on the interlock underneath this switch to the 
negative side of the line, which makes the circuit to the coil 1 independent 
of the Start button, so that this button may now be released. The 
current now passes from the positive side of the line through the contact 
1 and across to terminal B on 2, through the coil of this contactor to 72 5 , 
through the starting resistor to Ra, thence to the bottom terminal of 4 
to A i on the motor, through the armature and series field of the motor 
to the negative side of the line. As the motor increases in speed, the 
current through the coil of 2 decreases until this contactor closes. 

A contactor operates on what is known as # the “ lockout ” principle, 
i.e., it closes when its current is below a set value and above another 
much lower value. When 2 closes, it short-circuits one section of the 
starting resistor from the terminal Ri through the contact on 2 to the 
terminal C, through the coil of 3 to R 2 on the resistor. This again 
increases the current of the motor and prevents 3 from closing until the 
current has decreased to a fixed value. When 3 closes, it short-circuits 
the section of the resistor between R z and 72 4 . This leaves the resistor 
section between R 2 and Rz in series with the motor. The coil of con¬ 
tactor 4 is in shunt across the armature of the motor. The circuit is 
from A i through the coil to terminal 100 on the interlqck underneath 1, 
through this interlock to the hinge joint, which is connected to the nega¬ 
tive line. Since the A 2 terminal of the motor armature is connected 
to the negative side of the line, the voltage across this coil is equal to 
the counter e.m.f. of the motor. When the speed of the motor reaches 
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the proper value, contactor 4 closes, connecting the A 1 terminal of the 
motor directly to L+ through the contact on 1. 

To stop the motor, push on the button marked Stop, thus opening the 
circuit between terminals 1 and 10, and disconnecting the operating coil 
of contactor 1 from L— . This opens contactor 1 and disconnects the 
motor from the positive line. The opening of switch 1 opens the contacts 
10 and 100 on the interlock underneath, thus disconnecting the coil of 
contactor 4 from its motor-armature circuit and leaving the equipment 
ready for operation again. 



CHAPTER III 


HOW TO MAKE CONTROLLER DIAGRAMS 

Skill and experience are required to make a clear, readable diagram. 
This is particularly true of the more complicated diagrams of automatic 
controllers. For the making of such diagrams, experience has revealed 
a number of features that should be considered, most of them based on 
existing practice that has developed with the art. A definite plan and 
method of procedure should be worked out for each diagram. 

In order to classify the different types of diagrams the National 
Electrical Manufacturers Association adopted the following definitions. 

Controller Wiring Diagram. —A diagram showing the electrical connec¬ 
tions between the parts comprising the controller, and indicating the external 
connections. 

jExternal Controller Wiring Diagram. —A diagram showing the electrical con¬ 
nections between the controller terminals and outside points; such as connections 
from the line to the motor, and to auxiliary devices. 

Controller Construction Diagram. —A diagram indicating the physical arrange¬ 
ment of parts, such as wiring, buses, resistor units, etc. Example: A diagram 
showing the arrangement of grids and terminals in a grid-type resistor. 

Elementary Controller Diagram. —A diagram using symbols and an elementary 
plan of connections to illustrate, in simple form, the motor circuits and the scheme 
of control. 

Control Circuit lAne Diagram. —A diagram showing in simple form the path of 
each branch of the control circuit from line to line. 

Control Sequence Table. —A table indicating the connecting devices that are 
closed for each successive position of the controller. 

Several of these diagrams are illustrated in order to make the defini¬ 
tions more easily understood. It is desirable to have a definite name for 
each kind of diagram, in order that engineers may better understand 
each other in discussing questions. In adopting these definitions the 
Electrical Manufacturers considered all of the names commonly used for 
these different diagrams and formulated names and definitions which 
seemed the most logical to describe particular diagrams. We will now 
proceed to make some diagrams. 

The diagrams for manual controllers, such as drum controllers and 
face plate control, are the simplest. Typical diagrams are shown in 
Figs. 14,15, 22-25. Often the complete diagram can be made up without 
first making an elementary controller diagram. 

?5 
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Series 


F Z 


F 


vwwy-k; 


InjumJ 


Shunt field 

Discharge 
resistor 


MOTOR ALONE 



X -. X -T -^VW\AA»^ 

JlflflR 


Motor is now connected to power through a starting 
resistor with switches to short circuit the resistor 


Forwar d Reverse 




An accelerating switch is added 

Fig. 22.— Steps in the development of the diagram shown in Fig. 23. 
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Diagrams for automatic control using magnet contactors can best be 
made up by first working out the elementary diagrams in the following 
order, using the symbols shown in Fig. 26. 

]. Make an elementary controller diagram (definition 4, Fig. 27). 

2 Make a control sequence table (definition 6, Fig. 28) 

3 Make the control circuit line diagram (definition 5, Fig. 29). 

4 Make the complete controller wiring diagram (definition 1, Fig. 30). 


Forward Reverse 



Jjig. 23.—Diagiam of a reversing drum controller with magnetic blowout for a d.c. motor. 


If the controller is complicated, it may be desirable to make an 
external wiring diagram (definition 2). If the controller is for a large 
motor, where a heavy bus structure is necessary for carrying the current, 
it may be necessary to make a controller construction diagram. 

DESIGNATIONS 

All contactors, relays, coils, interlocks, etc., should be marked. The 
following markings are used in this book. 

Contactors: 1 and 3—Forward or up. 2 and 4—Reverse or down. 5 and 6—Line 
contactors (use No. 5 with reversing d.c. controller). 7 to 10—Other main switching 
purposes. 11 to 20—Direct-current armature series resistance contactors and con¬ 
tactors in wound-rotor induction-piotor secondary circuits, used for starting and 
regulating. 21 to 30—Armature shunt and dynamic braking contactors. Back com 
tact—Number followed by A. 
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On d.c. double-pole contactors and a.c. primary contactors, each 
contact should have a different number, as required by the standard 
marking. Accelerating contactors should be numbered in the order in 
which they close, i.e. y No. 11 closes first; No. 12, second; etc. 



The motor primary is connected fo the power through a 3 pole switch. 
An adjustable resistor is connected to the secondary 
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Forward 
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Secondary 
the same 
as above 
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A reversing switch /s added to the motor primary 


! Iff! 


j 6 54 

i ! i 1 ! 

TO 1 

0R2 1 

1 
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o/? /2 [T 

fill 

TT 1 1 


R 2 


O R.23 

O R 3 


’Truirui. 
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j R22 

"mnjLnJ 


21 


A secondary switch is added - the resistor terminals are connected 
to the switch fingers having the same marks 

2 nd. notch R12-R22 are connected together 
3 d. ** R12-R22 R2 * 

4th. ” R13R22-R2* 

5 th. » Rj3 ~R 23 ~R2 ” 

6 th. - R13R23-R3 " 

The 1 st notch /s reserved for dos/ng the reverse sw/tch 

Fig. 24.—Steps in the development of the diagram shown in Fig. 25. 


Relays —Overload—OL. Low Voltage?—LV. Brake relay—BR. Field relay— 
FR. Transfer relay—TR. Accel, relay—Symbol from Fig. 26 followed by the number 
of contactor by which it is operated. Direct trip attachment—DTA. Other relays 
and control contacts on motor-operated cam controllers, 31 up. 

Other Apparatus —Circuit breaker—CB. Master switch—MS. Limit Switch 
(spell out). Interlock—Symbol from Fig. 26 followed by number of contactor or letter 
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Motor controller 


Drum controller Handle end 

456 123 

321 off Off 654 
d±b!!l os , 1 .! I tt±' 11#/« 


T4T jt 3 


A 3 

lP 


Phase 1 *{= 
Phased 


1 Omit for 3 phase /me 

View from front of controller 


Conned motor secondary to tnruu 
R 3 .Rj 3 .R 23 on controller r 13 
Connect resistor terminals UlTLPJ 
to similarly marked 
terminals on controller UUUll 


1 u u 

r h * Scheme 2 res/s for 
nfir connected polyphase star 
R21 


^™anliP r nflnttmi2f 3 ‘ , ^fliS\S\X\lxf\I\S\J\!l\f\ * Scheme 3 resistor 
R 13 andR 23 on controller u “ u uuuuuu connected star nth one 

tnnnnnjumiuui! phase disconnected on 
on controller, except connect f£^ fPnn n rmf* first point of controller 

Rn on resistor toR J2 on 
controller Leave R 12 on 
resistor disconnected 

Fig 25—Diagram of a reversing drum eonti oiler for a three-phase, wound-secondary, 

induction motor 
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of relay by which it is operated. Knife switch— Symbol from Fig. 26 followed by the 
number and by Sw. 


When more than one panel appears on the same diagram, add a dash 
and the panel number after the regular marking of relays, contacts, inter¬ 
locks, etc. 


♦ 




Main confact-Norma/ly open 
Main contact-Normally c/osed 
Senes coif 

Direct-current motor armature 


-WAV*— Series fie id or brake coil 


L.A. k 
dpiLA. 


L ightning arrester 



Shunt relay 


—•uinnr— 
—Wlrj— 


MA/WVW 1 -* Shunt field or brake co/i 

TJinJlT Starting or braking resistor 

- »- Relay contact -Normally open 

-*- Relay contact-Normally dosed 

Transfer contacts-Relay or interlock 

Knife switch 
Cartndge fuse 
Resistor 

Rheostat or variable resistor 
Shunt coil 

Overload relay - Control contacts 
Spring return push buttons 
Non-spring return push button 
Accelerating relay-Control contacts 
Hatchway or track limit switch 

Interlocks or auxiliary contacts 
Master switch contacts 
Slack cable switch 

Gate or door contacts 
Limit switch 
Overload trip coif 
No voltage coit 
Lockout coif 
Closing coif 

Direct trip attachment 
3-4 Series coil. 1-2 Secondary co/i 





OL 


/C\ 

VJy 


NV 


w 


—®£- 

-Q- 


Meters 


Series refay 


Rheostat 

Snap switch-Sing/epole 

Snap switch-Double pole 

Snap switch-Double-pole 
reversing or four point 

Snap switch - Transfer or 
three way 

Current transformer 
Two circuit transformer 


Wires crossing-Not in contact 

Wmes >n contact 

Alternating-current generator or 
synchronous motor- Two phases 


Alternating-current generator or 
synchronous motor-Threephases 


Induction motor - Squirrel cage 
Induction motor- Wound secondary 


TMl|l|l|i|hr- Battery 


Synchronous 


converter 


Fig. 26.—Symbols used in controller diagrams shown in this book. 


Instrument transformers should be marked Current Transformer or 
Potential Transformer. Transformers supplying control circuits should 
be marked Control Circuit Transformer. 

Terminals .—The terminal markings shown on page 29 are used in 
this book. 
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The connection between the fused knife switch and fuse should not 

be marked. Terminals of meters should not be marked. 

When two points with standard marking are connected to the same 
terminal (as $2 and R 4 ) give both markings at the point where the con- 


1 Primary connections 



Fig . 27.—An elementary controller diagram. 


nection is made. Letters A, B } C, b\ L, M , R, S, T , V, X are not 
used for terminal markings other than those given above. 

Mark pilot-motor terminals the same as for the main motor, but use 
small letters ai-a 2 , / 1 -/ 2 , Sr$ 2 . 

When more than one motor or when motors and generators having 
the same marking are shown on one 
diagram, the regular marking must 
be preceded by a letter indicating 
the machine, to avoid confusion when 
making connections. 

Examples: For generator, GAi-GA 2 , 
etc. For motor, MA\-M A 2 , etc. For 
exciter, EA i-A 7 A 2 , etc. 

Resistor marking on diagrams must 
agree with marking on the resistance 
drawing. 

Additional Terminal Markings. —Shunt- 
brake coil, 6 i- 6 2 . Control circuit, x-y 
(unless connected directly to terminals 
having different marking). Grounded ter¬ 
minal, G. 

Autotransformer terminals are marked 1, 2, 3, etc. To avoid errors 
in making connections the transformers should be marked Transformer 
C, Transformer D, and Transformer E . On the controller, the terminals 
to which transformer C is connected are usually marked 1C, 2C, etc., 
these terminals being connected to taps 1, 2, etc., on transformer C. 
The terminals to which transformers D and E are connected are usually 
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Fig. 28.— A conti ol bequencc table. 
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marked ID, 2D, etc., and ID, 2D, etc. For three phase, terminals 
marked 1 are usually connected together, either permanently or while 
starting. 

In addition to using standard symbols and markings for apparatus and 
terminals, it is also desirable to mark the control lines so that they can 
easily be traced, especially on complete diagrams; otherwise, it is some¬ 
times very difficult to trace the connections and to understand the oper¬ 
ation of a complicated diagram. The most satisfactory and most easily 
understood method of designation is that of numbering the wires deoi- 
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Fig. 29.—A control circuit line diagram. 


mally, as is shown schematically in Fig. 31 and in actual diagram in 
Fig. 30. The energy supply lines for the control are marked + and — 
for direct current, and x and y for alternating current. Where the supply 
line goes through a relay or a limit switch before reaching the master 
controller, it is numbered 0. Where two or more of these are in series, 
they are considered as a unit and no markings are placed between them. 
When they are in parallel, or in series with taps taken off between them, 
these are numbered 0, 00, 100, 101, etc. 

The fingers of the master switch, or the contacts of control push 
buttons, etc., and the lines leading therefrom are numbered 1, 2, 3, etc., 
odd numbers giving forward and even numbers giving negative rotation 
on a reversing controller. Each line is given the same number at both 
ends and, if it is long, at convenient intermediate points, to make it easier 


HOW TO MAKE CONTROLLER DIAGRAMS 


33 



Fig. 30 —A complete controller firing diagram. 
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to trace. When a circuit goes through a coil, an interlock, or other 
equipment , the number is changed, being multiplied by 10 at the £rst 
break and increased by one at each additional break, as is shown in 
Fig. 31, until it reaches the other terminal—or y. Where a line branches, 
the branches are numbered, when possible, in the order of normal oper¬ 
ation. Where a line taps onto one previously numbered, it takes the 
number first assigned, as is shown in Fig. 31. By this system, any lino 
with a number starting with 2—for example, 20, 21, or 24—originates 



^2d~20^rZU2 


Fig. 31.—An elementary contioiler diagram showing how mteimediate points of biancli 

circuits are marked. 

on master-controller finger 2. This is a great convenience in studying 
the diagram. 

GENERAL SUGGESTIONS 

Simplify the diagrams as much as possible; the lines should be at least 
3 s in. apart. Main-line connections should be shown by heavy lines 
and control-circuit connections by lighter lines. In no case should the 
lines be too fine to blueprint clearly. Double crossings of lines should 
be avoided and single crossings used as little as possible. Make the con¬ 
nections with few bends or offsets and, where possible, in straight lines. 
Make all lines in the diagram, except very short connections, either hori¬ 
zontal or vertical. Do not show connections running diagonally across 
the diagram. Shunt-field and shunt-braking connections should be 
shown by light lines; armature and dynamic braking connections, by 
heavy lines. These connections are mentioned merely as illustrations; 
the principles can be applied to all the other connections. 

On controllers for large motors, all heavy-line connections are made 
by copper strap. The controller should be arranged so that these 
connections are as short and straight as can be and have as few crossovers 
as possible. These heavy connections add materially to the cost of the 
controller and it is desirable to spend ample time in arranging the con¬ 
troller so as to reduce the cost of these connections. 

Controller diagrams usually show the rear view of the panel, as 
connections are usually made on that side of the panel, and the wire- 
man who uses the diagram faces the rear of the panel. External wiring 
diagrams are made facing the front of the panel if the external connec¬ 
tions are located on the front of ^he panel; otherwise, this diagram should 
be made as though the reader were facing the rear of the panel, 
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Each separate piece of apparatus should be enclosed in a rectangle 
made up of a broken line, as shown in Fig. 30. This indicates what part 
of the diagram applies to each piece of apparatus. It also shows where' 
the wires pass from one piece of apparatus to another. 

Small resistors mounted directly on the panel should be shown in their 
relative positions. This is particularly true of small resistor tubes con¬ 
nected in series with magnet coils. 

The parts of a motor or a generator, such as the armature, field coils, 
and brake coils, should be shown grouped together. Where motors, gen¬ 
erators, and exciters are coupled together, they should be so indicated 
on the diagram. 

When a control-circuit switch is divided from the main-circuit knife 
switch, it should be connected outside the main knife switch, so that 
the control connections can be tested without starting the motor. 

It is customary to group the control-circuit terminals close together, 
usually near the bottom of the panel. This is very convenient in making 
the connections to the master switches and other auxiliary apparatus. In 
the smaller controllers the main-line connections are often grouped 
together, at either the top or the bottom of the panel. For the larger 
controllers the lugs for external connections are located on different parts 
of the panel, in order to reduce the number of joints in the circuit. 

When a knife switch and fuse are used, connect the switch to the 
line in such a way that the fuse will be dead when the switch is open. 
This is done by connecting the fuse to the hinge terminals of the switch 
and the line to the other terminals. Single-throw switches should open 
in the direction of gravity, to prevent the switch from accidentally clos¬ 
ing. Do not place a knife switch above the main contactor, as the arc 
from the contactor may burn the operator's hand. 

The connection of two or more controller coils in parallel causes 
sluggish opening of the contactors, owing to the discharge between the 
coils. This is particularly true in the case of large contactors or where 
coils of different sizes are in parallel. It is advisable to separate coil 
circuits in all cases. 

If a resistor is connected in parallel with a coil, it gives slow opening 
of the contactor; the lower the resistance, the slower the action. If a 
resistor is connected in series with a coil, and the coil design is so modified 
that the resultant flux is the same as before, the speed of closing is 
increased; the greater the resistance, the greater the effect. 

If a condenser is connected in parallel with a contactor coil, it may 
cause the contactor to open more quickly. If there is considerable 
residual magnetism, the condenser may increase the time of opening, 
rather than decrease it. A condenser should be used with considerable 
care where the time of opening is an important factor. 
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The two paragraphs above apply to d.c. control, as it is not good 
practice to use resistors or condensers in connection with a.c. control 
equipment. The use of a resistor or a condenser is ordinarily for the 
purpose of reducing the arcing on a control contact in series with d.c. 
coils. They may, however, be used to advantage in some cases in timing 
the operation, in order to obtain a desired sequence. 

Where one side of a circuit is grounded, the master switch should 
be connected to the opposite side of the line. It is desirable to connect 
the master switch to the same side of the line as the motor armature of 
a d.c. motor, in order that the elementary diagram and the control-line 
diagram may show both the armature and the master switch on the 
left-hand side. When two or more panels are controlled from one 
master switch, special care must be taken to avoid “sneak” circuits. 
That is, after circuits have been established and checked to see that they 
will produce the desired operation, an extra check should be made to 
ensure that no additional, unintended operation is possible. Cam-type 
master switches have each contactor separately insulated. Where it is 
practicable, use a separate cam contactor for each control panel. Where 
a drum-type master switch is used, it may be necessary to provide 
separately insulated sections of the drum for each panel. 

It is desirable to provide only one control knife switch and fuse for 
the entire equipment. Where the control circuit to each panel is not 
insulated through the master switch, all overload relays and the low- 
voltage protective relay should have their contacts connected in series. 

Where a tryout switch is provided on the control panel, it should be 
electrically interlocked with the master switch in such a way that when 
the tryout switch is used the master switch will be inoperative. 

The illustrations of diagrams shown in this article are intended to 
represent general methods of making diagrams. Other symbols and 
terminal markings may be found better adapted for various designs of 
apparatus. 



CHAPTER IV 

MAGNETIC CONTACTORS 


The detail design of controllers should be left to the manufacturer 
who guarantees their operation and satisfactory service. The applica¬ 
tion engineer must select the proper type and size of controller for each 
particular drive and he is therefore interested in knowing how variation 
in design may affect the performance of a controller. 

The capacity of a controller to carry current with a given rise in 
temperature may often be of much less importance than the durability 
of the contacts under repeated arc rupturing, and the design of bearings 
to withstand wear in dirty places. A knife switch will carry current but 
will not last Tong if it is used for rupturing current. Current-carrying 
ability may be impaired by long periods of operation without opening and 
closing and the consequent scouring action on the contact surfaces. 

When the controller is used infrequently and for short intervals of 
time, a controller smaller than normal can be selected for the motor. 
An application of this kind would be a crane in a powerhouse used only 
for repair work. For frequent operation, such as occurs with motors 
driving reversing tables in steel mills, the controller should be more than 
usually liberal. The continuous-current capacity has little to do with 
either of these applications. If the motor drives a condenser pump 
in a powerhouse, continuous-current capacity is the most important 
consideration. 


THE FUNCTIONS OF A CONTACTOR 

The essential requirements of a contactor are current carrying and 
arc rupturing. Means for operating and closing the contacts, while neces¬ 
sary, are of secondary importance to these two principal functions. 
Whether the contact is operated by hand, by a magnet, or by an air cyl¬ 
inder, it is important that it carry the motor current without injury and 
that it be able to interrupt repeatedly any ordinary overloads that may 
occur. In addition, the mechanical parts must be rugged and able to 
stand the wear caused by repeated operation. 

FACTORS OF CONTACT DESIGN 

Current Carrying. 1 . Material for Manufacture . —Hard-drawn or 
forged copper has given the best results. 
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2. The Pressure between Contacts.—Other things being equal, the 
heavier the pressure, the more current the contact will carry. There are, 
of course, limits to this pressure, but the carrying capacity can be mate¬ 
rially enhanced with an increase of pressure. 

3. The Mass of the Contact. —The greater the mass, the more heat is 
carried away from the contact surfaces and distributed through the 
adjacent material. 

4. Radiation. —This factor determines the amount of energy that 
can be dissipated with a given temperature rise. With considerable mass 



Jmg. 32. - Method of testing contact piesbuie 

in the contact, there is a greater radiating surface available for dissipat¬ 
ing the heat. 

5. The Surface of the Contact. —The surface should be clean and free 
from the oxide scale that forms when the arcing takes place in the air. 
This oxide is a nonconductor and interferes with the passage of current. 
Arcing under oil results in more or less of a carbon deposit, which is a 
conductor, although it may not be as good a conductor as the original 
material. Usually the design of the contactor will give a small amount of 
wiping action, which cleans the contact surfaces when the contacts are 
being closed. This sliding or wiping action wears away the contacts and 
should be limited to a very small motion. 
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Types of Contacts. —Contacts are usually of three general types: 

1. The Butt Contact .—An example of this is the laminated copper 
brush used in large circuit breakers. 

2. Sliding Contact .—An example of this is the drum controller that 
uses fingers sliding on a cylindrical surface. 

3. Rolling Contact .—This form of contact is the more reliable and 
most satisfactory now in use. Contact is made at the tip and rolls down 
the surface to the heel (see Fig. 33). 

Usually the movable contact member is attached to the armature of 
the magnet and mounted on an auxiliary pivoted member designated as 
the “contact support.” The pivot of this contact support approaches the 


Contact rolls Arc shield, 

through this angle /ron po/e pieces < 

When closing it 
* engages at the t/ps gnd\ 
rolls down to the heel 


This center a. 
close to the 
contacts.givmt 
a quick rot lint 
action 


Arc splitter 


Arc/nghorn guides arc 
upward, away from contacts 



Armature' 
moves through^ 
this angle 



Rolling contacts ( 

/n dosed position 

Contactspring 

Large armature\ 
hinge pin, held ' 
in place with 
snap springs, 
permitting removal 
without use of toots 
Fig. 33.—Action of rolling contacts. 


\Main operating 
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rCT Iron core 

B 

—* Shunt 


stationary contact through the arc of a circle, and the movable contact is 
tilted forward so that its tip comes into contact with the stationary con¬ 
tact tip. The further movement of the magnet armature causes the 
movable contact to roll against the stationary contact until the heels or 
bottom parts of the contacts are in engagement. An important *part of 
the design is the relation between the pin around which the contact sup¬ 
port rotates and the position of the contacts. The action of the contacts 
against each other cannot be a true rolling action, as the contact-support 
hinge pin rotates through a circle and, owing to this rotating action, its 
center moves up and down. The rolling action, therefore, is combined 
with a small amount of sliding action. The least amount of sliding is 
obtained when the moving contact center is located so that it moves an 
equal distance on either side of the line drawn from the heel of the contact 
to the armature hinge pin. Even with this arrangement of centers, there 
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is always sufficient sliding action to keep the contact clean. Excessive 
sliding action causes additional mechanical wear on the contacts and in 
this way reduces their life. An endurance run on contactors having 
different amounts of sliding action makes the results of this wearing 
away of the contacts very evident. 

Excessive sliding action is disadvantageous from another point of 
view, as well. If the surfaces of the contacts become rough, they have a 
tendency to lock together and prevent the sliding action. While this 



Fig. 34.—Two single-pok* imignetit contactor manufactuied by the Square D Com¬ 
pany showing electucal mteilock's and a mechanical mteilock between the contactors which 
prevent both from closing at the same time It is useful as a ie\ eising switch. 


locking together is not altogether positive, it has been found sufficient, in 
cases where the sliding action is excessive, to prevent the armature of the 
magnet from closing. 

When a magnetic contactor is closed, the contacts strike together with 
considerable force and there is a slight rebound. When the contact 
rebounds, it draws a small arc, which softens the surface of the contacts 
at the point where they touched. If these contacts are permitted to 
come together at the same point after the rebound, there will be a 
tendency for them to weld or freeze, owing to the softened metal parts 
coming into contact. This reestablishment of contact at the same point 
is prevented by the closing movement of the magnet armature. During 
the period of rebound the armature has 1 raveled closer to the magnet 
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core, and the center carrying the contact support is in a new position, so 
that contact is reestablished at another place. 

The closer the center of the contact support is to the Contact, the 
greater is the lever action exerted by the closing means and, therefore, the 
greater is the ease with which a welded contact may be broken apart. 
This is of particular value in connection with manually actuated con¬ 
tactors, as these are more likely to be welded, owing to improper opera¬ 
tion. If the contact is closed by a cam or a lever, the operator can exert 
a very powerful force to break open any ordinary weld. 

The Advantages of the Rolling Contact.—The advantages of the 
rolling contact can be summarized as follows: 

1. The current is carried at the heel of the contactor. This is kept clean by a 
slight sliding motion during the closing period. The contact at this point is under the 
maximum spring pressure. 

2. The arcing takes place at the tip of the contact, as this is the last part of the 
contact to separate. 

3. The rolling action minimizes the bounce upon closing. 

4. When the contacts are properly operated, they will not weld. 

5. The absence of any considerable sliding action prevents the contact from stick¬ 
ing if the surfaces become rouj honed. 

6. Heavier pressures can be maintained between the contact surfaces than where 
sliding contacts are used. The pressure is limited to about 10 lb. per lin. in. for sliding 
contacts, on account of the cutting action. 

Use of Oil-immersed Contacts .—Oil-immersed contacts do not last 
nearly so long as do air-break contacts for the same service. This 
shortening of contact life is due to the intensely hot arc’s vaporizing 
some of the oil, which burns the contacts and prolongs the arcing time. 

Controllers for 2,200-volt and higher voltage service often have oil- 
immersed contacts, because these are very compact and cost less (see 
Fig. 253). One purpose in using oil-immersed contacts is to protect 
them from corrosive atmosphere or inflammable dust and entirely to 
enclose the live parts in order to shield persons from contact with live 
parts or the flash of the arc. Manual starters for squirrel-cage motors 
are usually enclosed and have oil-immersed contacts (see Fig. 259). 
This makes a universal-purpose starter for general application. 

When a.c. magnets are used to close contacts, it is necessary to put 
a short-circuited turn, called a “shading coil,” around part of the pole 
face, to cause a lag in the magnetic flux in the shaded portion. This 
eliminates “chatter” at the pole face when the magnetism in the core 
passes through zero. When the armature is in the open position and 
the coil is energized, there is a heavy rush of current, known as the 
“closing current.” When the armature is closed against the magnet 
core, the current is about 10 per cent of the initial value. This is called 
the “holding current.” The closing current is due to the increased 



VI 


CONTROLLERS FOR ELECTRIC MOTORS 


ampere turns required to give the reactive voltage necessary for balanc¬ 
ing the line volts. The resistance drop is small and nearly 90 deg. out of 
phase with the reactive volts. Large a.c. contactors now use d.c. coils 
receiving power from a small rectifier, usually of the copper oxide type. 
This reduces the amperes required for the control circuit and eliminates 
all magnet noise. 

Factors of Contact Design as to Arc Rupturing. —The design of con¬ 
tacts to rupture current depends upon the following items: 

1. The shape of the contacts. 

2. The size of the contacts. 

3. The material from which the contacts are made. 

4. The separation of the contacts when opening. 

5. The speed of opening. 

6. The strength and distribution of the magnetic blowout field. 

7. The design and size of the arc box and the arcing horns. 

8. The material from which the arc box is made. 


All these items have their effect on the maximum rupturing capacity 
of the contacts and the durability of the contacts and the fire box under 



Fig. 35. —A WebtingliouM- single-pole 
magnetic contactor for d.c. power. See 
Fig. 36 for method of arc ruptuiing. 


arc current between the contacts. 


severe service. The greater the en¬ 
ergy handled, the larger must be the 
arc-rupturing means and the more 
important it is to consider these 
various items in detail. The design 
engineer has at his disposal a certain 
amount of exact information, which 
is supplemented by experience and 
test data. 

A general understanding of what 
takes place when an arc is ruptured 
can be obtained from a brief de¬ 
scription of the action in the arc box. 

The arc may be considered as con¬ 
sisting of a stream of positively and 
negatively charged gaseous particles 
or ions that travel rapidly from one 
contact to the other. This stream 
of rapidly moving ions constitutes the 
Since it is a flexible conductor, it can 


easily be stretched out lengthwise or readily deflected. If a transverse 


magnetic field is applied to this conductor, the reaction between the con¬ 


ductor and the field will be similar to the action that takes place in a 


motor where a conductor carrying current is placed in a magnetic field. 


The arc conductor moves in the same direction as it would in a motor. 
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This movement increases its length, which cools the arc gases and 
increases the resistance to the flow of current. The increased length 
makes it more and more difficult for the voltage across the arc to maintain 
the flow of ions, until finally the arc is ruptured. The length of the arc 
depends upon the amount of current flowing when the arc is established, 
upon the voltage between the contacts, and upon the stored energy in 
the circuit. The length of this arc may readily be influenced by the 
design of the arc box and the blowout field. 

In addition to the ions that make up the flexible conductor, some 
stray ions accumulate in the arc box. If the distance between the con¬ 
tacts is small, the voltage between the contacts may cause these stray 
ions to reestablish the arc by forming a new flexible conductor. Oscillo¬ 
graph records show that sometimes the arc is reestablished two or three 
times before it is finally interrupted in arc boxes not suitable for the 
service. The reestablishment of the arc depends upon the design of the 



Fig. 36.—Method of arc rupturing used in contactor shown Fig. 35. The arc is moved 
froip the contacts to the arc horn and shield around the blowout coil by the magnetic field 
which stretches and cools the arc. 

arc box and the separation of the contacts. The higher the voltage, 
the greater is the separation required. If two contactors are used in 
series, there is much less liability of the arc’s reestablishing itself. The 
two breaks in series also assist in rupturing the arc, as they require the 
maintenance in series of two flexible conductors made up of ions. They 
also distribute the heating effect between two or more arc boxes. 

To rupture an arc, it is necessary to lengthen the arc path so as to 
increase the resistance and, therefore, to decrease the current, and, at the 
same time, to deionize the gas and to cool the arc. The contacts should 
also be separated far enough to prevent a reestablishment of the arc, or 
two or more breaks should be used in series for this same purpose. 

OPERATION OF DIFFERENT TYPES 

Westinghouse Magnetic Blowout. —An arc starts as the contact is 
broken (see Fig. 36). As the gap widens between the contacts, the arc 
is forced from the contact tips by the magnetic blowout. When the 
contacts are fully open, the arc has been stretched and the gas wedges 
keep the ends moving by the resistance of the gas in the pockets. This 
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prevents the formation of craters. The stretching and cooling deionize 
the arc and extinguish it. The magnetic blowout causes the arc con¬ 
ductor to move outward in tjie same way that a conductor on a motor 
armature is moved in its magnetic field. As the arc is forced outward, 
its ends travel along the arcing horns; this lengthens the arc and increases 
its resistance. The arc-box sides and the air cool this stretched-out arc 
and extinguish it. 

Electric Controller and Manufacturing Company Magnetic Contactor. 

In Fig. 38 is shown the magnetic blowout action in the contactor illus¬ 
trated in Fig. 37. When the contacts open, the current enters at the 



Figs. 37.—Single-pole d.c. magnetic contactor manufactured by the Electric Controller and 
Manufactuiing Company. The action of the blowout field is shown in Fig. 38. 

upper terminal to the blowout coil, and moves thence to the stationary 
contact, then to its arcing horn, and through the arc to the movable- 
contact arcing horn. Thence, by parallel conductors on the outside 
of the arc box, it passes to the lower terminal stud after the blowout 
field has transferred the arc from the moving contact to its arc horn. 
The current in the two parallel conductors outside the arc box is equal 
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to the arc current and moves in an opposite direction. The two circuits 
repel each other and force the movable arc into the center of its arc box. 



b 

Fig. 38.—Action of the magnetic field in quenching the arc in contactor of Fig. 37. 
a, Method for keeping the arc in the center of the box by means of conductors parallel 
to the arc. 

The Magnetic Blowout and the Arc Horns .—The cooling and deioniz¬ 
ing of the arc vapor and the lengthening of the arc path are usually accom¬ 
plished by means of a magnetic blowout. This lengthening and cooling 
process may be materially assisted by arc horns and by the proper shape 
of the arc box. 
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The ions, which maintain this arc stream, are not only cooled and 
discharged by contact with the sides of the arc box and the surrounding 
air, but are cooled also by traveling along the arc horns, which increase 
the length of the arc under the influence of the blowout field. The 
projection, or throw, of the arc beyond the edge of the arc box is, there¬ 
fore, decreased and much greater energy can be broken in the same 
size of arc box. If the arc extends a considerable distance beyond the 
edge of the arc box, it ceases to be under the influence of the magnetic 
field and may continue to hang on for an appreciable length of time. The 

burning on the contacts and the arc box 
for any given current depends upon the 
length of time the arc is maintained. The 
further the arc must travel in order to be 
ruptured, the greater the time of burning. 
By the use of are horns the arc is extin¬ 
guished more quickly and, therefore, the 
amount of burning is decreased. 

DESIGN DETAILS 

The arc can also be quenched by blow¬ 
ing it through a narrow slot in the arc box. 
This cools the arc and deionizes the gas, 
which reduces its volume. It has been 
found that a restricted-arc-box area at the 
arc terminals assists in rupturing it and 
also reduces the burning on the arc horns. 

The General Electric Company was one 
of the first to use the narrow arc box open¬ 
ing (Fig. 39) for their magnetic contactors. 
At our request, E. H. Alexander has pre¬ 
pared the following explanation of the 
principles of the restricted-arc chute: 

The restricted-arc chute is a mechanism often employed on magnetic contac¬ 
tors to facilitate the interruption of arc currents in air. The chute usually con¬ 
sists of some inorganic insulating material of the ceramic variety which has good 
ability to withstand heat shock and has a high resistance to the erosive effect of 
the arc. The material should also be a poor source of electron emission at any 
temperatures encountered under operating conditions within its rating. It does 
not follow that a material which has a high resistance to the erosive effect of the 
arc is necessarily the best chute material. Such an arc chute is shown in Fig. 39. 
The physical relationship of a restricted-arc chute to the other component part 
of a large d.c. contactor, is shown with one-half of the arc chute removed in 
Fig. 40. 



Fig. 39.—A General Electric 
&ingle-pole d.c. magnetic contactor 
with blowout and electric inter¬ 
locks. A sectional view is shown 
in Fig. 40. 
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Fig. 40. —Sectional view of General Electnc eontactoi bhown in Fig. 39. 

The principle involved is one of so directing the motion of the arc plasma that 
its shape presents a more favorable opportunity 
for heat transfer to the cooler side walls of the 
chute. As the name implies, the restiicted-arc 
chute constricts the hot gases of the arc to a 
sheetlike formation; i .(the arc plasma has a 
high ratio of area to volume, thus presenting 
an optimum condition for heat transfer. Heat 
transfer occurs by conduction, convection, 
radiation, and even by the heat absorbed in 
vaporizing some of the arc-chute material. 

Fiom the standpoint of conservation of energy, 
it is difficult to account for all the energy 
stored in the circuit being interrupted. There 
appears to be a considerable amount of differ¬ 
ence between the heat appealing in the chute, 
contactor part, and the total heat represented 
by the system energy. Therefore, it appears 
that the action of the arc on the gases of the air 
may account for a considerable amount of 
energy absorption. 

The rapid introduction of impedance into the 
circuit being interrupted by the contactor de¬ 
pends in a large measure upon the speed with 
which the arc can be cooled to a temperature below which ionization of the gases 



Fig 41.- Single-pole d.c. mag¬ 
netic contactor manufactured by 
the Clark Controller Company. 
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will not support current flow. In the design, a balance must be made between the 
velocity with which the arc is moved and the dimensions of the space. If it is 
blown too fast, the arc will reach the end of its travel on the arcing horns before 
the energy in the circuit is dissipated sufficiently so that the arc can go out. In 
this case there is excessive burning at the ends of the horns, both on the horns and 
on the chute. If the slot is too narrow, too high a velocity of arc travel may be 
reached, which may make the arc extend to dangerous distances beyond the 
chute on high overcurrent. Of course, arc length (stretching) and recovery 
voltage phenomena both take an important place in arc extinction. The “motor 
action” used to propel the arc through the chute is the result of the repulsion of 
two fluxes, the first flux being produced by the ampere turns of the blowout coil, 



Fig. 42—A W estm&housc two-pole d c contactor. 

and the second flux resulting from the magnetic field surrounding the arc current 
itself. The proper distribution, polaiity, and the strength of the blowout coil 
flux are factors which must all be balanced to pi oduee a successful design. 

The de-ion principle can be used to rupture an a.c. arc when the 
current passes through zero. The magnetic field moves the arc into a 
set of slotted metal grids (see Fig. 43), where the arc stream is deionized 
and does not reform after the current passes through zero. This principle 
is explained in several papers appearing in the A.I.E.E. Journal , Febru¬ 
ary, 1929. A simple form of grid is used in commercial a.c. contactors 
where the arc-rupturing demand is limited. The more expensive 
rotatory-field method is required for circuit breakers of large rupturing 
capacity. 
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The De-ion Arc Quencher.—The de-ion arc quencher is used on a.c. 
power; it confines, divides, and extinguishes the arc quickly within itself 
without the usual flash and the attendant scattering of flame. 

The successful operation of the de-ion contactor depends on the 
principle that the thin layer of air immediately adjacent to cold cathodes 
will withstand about 250 volts before breaking down, and, after having 
been subjected to an arc, deionizes rapidly and acquires the ability to 
withstand this voltage again very quickly. The arc space away from 
this thin layer of air does not deionize very rapidly. Consequently, in 
the De-ion contactor, a number of short arcs in series are utilized in 
order to get full benefit from the deionizing action of the cold 
cathodes. 


As the arc is drawn between the contacts, it is forced upward by the 
magnetic field to the stationary end plates . After the arc transfers to 
the end plates it continues to move upward into the deionizing chamber, 
where it is extinguished almost instantaneously. The actual amount 
of time required for extinction of the arc depends upon the point on the 
current wave at which the circuit is inter- > 
rupted. The arc is frequently extinguished Arc l | ~ 

before it has time to move above the slotted ' ulp-pcJ |_ 

portion of the metal plates. 

As is illustrated in Fig. 43, these plates Moving Stationary 

have a tapered slot. When a number of contact contact 

these plates are assembled as shown, they rGr/cts i—i 

form a V-shaped groove into which the arc /B II jl » | (1 l 

is forced. The contour of this groove is /JmJ|r | i | j| {A] 

such that, as the arc moves upward, its cross |j||0 ; Slotted 

section is decreased and the current density |||l \ ^ 

is increased with a corresponding increase in 
the arc voltage, i.e., voltage drop across the 

arc. When a sufficiently high arc voltage is mM Stationary 

attained, the arc strikes to the metal plates, Moving contact 

forming a series of short arcs, which may contact 
move Up beyond the slotted portion of the Fig. 43- De-ion method for 
plates. The arc continues until the current rupturing the a.c. arc. 
passes through the zero point of the cycle, at which time each layer of 
air between the plates is almost instantly deionized, and acquires the 
ability to withstand 250 volts much faster than any practical power 
circuit can supply this potential. 

In testing a.c. contactors, a circuit in the neighborhood of 50 per cent 
power factor or less should be used, as this gives the most difficult con¬ 
ditions. It is much easier to rupture current on circuits of 100 per cent 
power factor, as the current passes through zero at the same time the 
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Fig. 43.— De-ion method for 
rupturing the a.c. arc. 
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Tig 46 — Cutlei-IIammei three pole at contactoi m cibintt One blowout has been 
removed to show the contact 
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Where a large motor is started and stopped frequently, as in hoist 
service, it is preferable to use an air-break contactor. An oil-immersed 
contactor forms carbon in the oil each time the circuit is broken; an 
accumulation of this carbon will ultimately interfere with the proper 
operation of the contactor. Each time the arc is broken, the heat is 
transmitted to the oil, which in turn must radiate it from the outside of 
the case or tank. Repeated opening and closing will very materially 
increase the temperature of the oil, so that it is necessary to have a tank 
of proper proportions to absorb and radiate this energy without raising 
the oil to a dangerous temperature. These limitations have usually led 
engineers to prefer the air-break contactor for frequent operation. 

' RATING OF CONTACTS 

The method of rating contacts depends entirely upon their service 
requirements. The two general methods followed are these: 

1. Rating on a basis of a continuous ampere capacity. 

2. Rating on a basis of durability. 

Where the load on the contacts is continuous, the temperature rise 
under load conditions is an important item. In many cases, however, the 
wear on the contacts is severe and a much larger contact is used than 
would be necessary for continuous carrying capacity. 

OPERATING COILS 

The temperature of operating coils on magnetic contactors is affected 
by 

1. Variation of line voltage, the magnetic air gap of an a.c. magnet, and variation 
in frequency on a.e. circuits. 

2. Variation of the air temperature, ventilation, moisture in the air, etc. 

3. Variations in the load on the current-carrying parts of the contactor. Heat is 
readily transmitted from one part of the contactor to another, so that local heating in 
some other part of the contactor may materially affect the temperature of the operat¬ 
ing coil. Sometimes the use of a small lead wire to a contactor will make considerable 
difference in the temperature of the contacts and the operating coil. 

The rating of contactors or other control apparatus is affected by an 
enclosing case or cover. Any restriction in ventilation increases the tem¬ 
perature and this is particularly true for control apparatus where the 
speed regulation of the motor is obtained through the use of resistors. 
Care should always be exercised in so locating heat-producing apparatus 
that proper ventilation will be obtained. 

SHORT CIRCUITS 

A severe short circuit can damage a magnetic contactor, as these 
contactors are not intended to replace circuit breakers; they are designed 
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to open any operating overload or stalled motor current; but they provide 
only limited short-circuit protection. 

The drop in voltage resulting from the short circuit may cause the 
magnet to release its armature and open the contacts. This severe arc 
may damage the controller while the circuit is being opened by other 
means or the magnetic reaction of the severe current may force the 
contacts apart and cause them to chatter and burn. Fortunately, short 
circuits do not often injure controllers, because a severe short circuit 



Fig 48.—Westmghouse 2,200-volt two-pole a c. contactors assembled in groups of 
three to control the primary of a reversing motor. Note the mechanical interlock between 
the two reversing contactors 

seldom happens. The circuit impedance and the arc resistance limit 
the current so that the contactor can open the usual short circuit. When 
controllers are connected close to a heavy bus system, such as that of a 
large switchboard in a central station, the branch feeder to the controller 
should have special short-circuit protection. Fuses and a quick-acting 
circuit breaker are now available that can be used for this purpose. 
It is desirable to have this disconnecting means separate from the con¬ 
troller, so that the entire controller can be made dead when work is done 
on it. This is very necessary when the voltage is 2,200 volts or higher. 

VOLTAGE REGULATION 

A variation in line voltage beyond the guaranteed limits has a bad 
effect on control apparatus. A decrease in voltage may cause difficulty 
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in the closing of contactors or the operation of other magnetic devices. 
An increase in voltage will cause overheating in shunt coils. If a motor 
is operating at a given voltage and this voltage is suddenly decreased 
below the counter e.m.f. of the motor, the current through the motor will 
be reversed and generator action will take place. A small difference 
of voltage is sufficient to cause a heavy flow of current if the motor is 
connected directly to the line without external resistance. This not only 
causes a jolt to the motor and the controller, but it is very bad on the 
drive. If gearing is used, the back lash in the gearing may cause a 
serious blow to the teeth. Gears have been stripped in this way. If a 
chain drive is used, the results are even worse. Successful operation 
of electric drive depends upon a reasonably steady voltage; rapid fluctua¬ 
tions of the voltage are particularly harmful. 



CHAPTER V 


STARTING CHARACTERISTICS OF MOTORS 
WITH DIFFERENT METHODS OF CONTROL 

The usual method of testing motors and controllers has been to use an 
ammeter and a voltmeter. These instruments gave good average read¬ 
ings, but owing to the inertia of their indicating member, only average 
values could be obtained. However, the improvement in the oscillograph 
and its general adaptation to commercial work has made possible the 
determination of many factors that are not shown by an ammeter. In 
some cases even the oscillograph has not been rapid enough to indicate 
excessive conditions of voltage and a spark gap has been used. Consider¬ 
able practice is required to obtain good results with an oscillograph, and 
experience is required in reading these results. Investigations of this 
kind have proved valuable and in many cases mechanical analyses have 
been made, explaining in detail the phenomena observed with the 
oscillograph. 


DIRECT-CURRENT MOTORS 

The simplest form of motor and control, as well as the oldest, is the 
d.c. shunt motor with a controller that short-circuits the armature 
resistance during acceleration. When this combination was first used, 
care was necessary in accelerating the motor, to prevent excessive 
sparking or flashing. The starter was operated by hand and had a 
considerable number of steps. This was necessary in order to cut down 
the burning on the different steps and to introduce a time element, so 
that the operator, if he were careless, would not short-circuit the starting 
resistance too rapidly. Because of this practice, engineers have become 
accustomed to a considerable number of starting steps in accelerating 
these motors. They have based their calculations of the accelerating- 
current peaks on Ohm's law and have neglected a number of other factors 
that enter into this problem. The use of circuit breakers or overload 
relays without a time-element attachment has also tended toward the use 
of a considerable number of starting steps, in order to prevent their 
tripping on the overload peaks that occur. 

The introduction of the magnetic contactor has provided a method 
of switching electric currents of considerable energy without the rapid 
destruction of the contact. The contactor can be used in connection with 
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Fig. 49.—The connections of un automatic contiol used in tests to analyze the starting 

chaiacteristics of motors. 



Fig. 50.—Starting tests of a 20-hp. 750-r.p.m. d.c. motor belted to a 50-kw. generator 
with no load on the generator. External resistance 1.35 ohms plus 0.25 ohm internal 
resistance in the motor windings. External resistance short-circuited in two steps at 120 
and 100 volts counter e.m.f. 
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automatic devices for short-circuiting the resistance during acceleration, 
which eliminate the personal element and prevent careless manipulation. 
The use of contactors for automatic acceleration immediately reduced the 
number of starting steps, as compared with those of the manually oper¬ 
ated starter. A feeling still exists that several steps are needed for 
starting even small motors. In order to obtain some actual information, 
a series of tests were made with an oscillograph on a d.c. motor accelerated 
automatically and belted to a generator of about double the motor size. 
A record was made of the armature current, the armature voltage, and 
the field current. In a few cases a Prony brake was used for loading 
the motor instead of its being belted to a generator. 1 The diagram of 
connections is given in Fig. 49. Figures 50 to 57 show results of some of 
the tests. The internal resistance given in the captions includes the 
complete resistance of the controller and the motor armature circuit, also 
the leads between the motor and the controller. It was measured from 
the + to the — terminals of the controller with the starting resistance 
short-circuited. In addition, as will occur in any installation, there was 
some resistance in the lead wires between the controller and the source 
of power. 

The 50-kw. d.c. generator belted to the motor represents more inertia 
than usually occurs in practice. Figures 50 to 55 cover a period of about 
2 sec. Figures 56 and 57 cover a period of about 4 sec. 

Summary of Tests 2 

1. It seems unnecessary, with automatic acceleration, to use more than one 
intermediate step in short-circuiting the armature resistor used with small motors, 
except where special requirements are to be met. It is practicable to use one switch 
with motors as large as 15-hp. for general purposes and to operate this switch by 
counter e.m.f., setting the switch to close at 75 per cent of normal voltage. 

2. If the motor field is zero or has a small value when the line switch is closed, 
the starting torque is also zero or has only a small value, and it will increase gradually 
so that the motor, or its load, will not be subjected to a heavy shock or jar when the 
lost motion in the drive is taken up. 

3. The shunt field of small 2 to 1 adjustable-speed motors can be reduced in one 
step under normal load conditions without fear of undue torque or current. This 
practice can be safely followed with 50-hp. motors and perhaps larger. This covers 
the usual range of sizes for this type of motor. Most machine-tool motors are started 
light. Under this condition, the motor can be started successfully with minimum 
field strength and with the field relay omitted. This will enable the use of the same 
controller for constant-speed and adjustable-speed motors, supplying a separately 
mounted field rheostat for the latter. 

4. Adjustable-speed motors can use one step of resistance for dynamic braking 
as the change in field strength tends to maintain the braking current constant over a 
considerable range of speed. 

1 The results of these tests appeared in the Proc. A.I.E.E. f February, 1917, p. 233. 

2 Ibid. 
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5. The time required to accelerate to 95 per cent of speed is very short. In those 
tests the time did not exceed 3 sec. 

During the discussion of these tests, it was pointed out that the results 
obtained may have been materially affected by a drop in line voltage. 
It was admitted that some drop in line voltage would probably occur in 
most installations. The effect that the use of a small number of starting 
steps would have if the motor and the controller were located close to 
the powerhouse was, however, questioned. In order to determine 
this point, the writer had a number of tests made with the motor con¬ 
nected to the bus bars in the powerhouse. An oscillograph record was 
taken of the armature amperes, armature volts, and line voltage. The 
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Fig. 51.—Starting tests the same as Fig. 50 exoept that the external resistance was short- 
circuited in one step at 190 volts counter e.m.f. 

tests showed that there was practically no change in the line voltage dur¬ 
ing acceleration and that the current peaks obtained were about two- 
thirds of the value, as usually calculated, based upon Ohm's law. The 
results of these tests are shown in Figs. 58 and 59. 

In calculating the starting resistance for a shunt motor, the steps 
are usually arranged in geometrical progression. This method is based 
on the assumption that each step of resistance is short-circuited when the 
motor current has reached a uniform minimum value. This value is that 
necessary to overcome the torque that the motor is required to develop 
during the accelerating period. During these tests, a standard 15-hp. 
230-volt 825-r.p.m. shunt motor was accelerated under full load obtained 
by means of a Prony brake. The minimum accelerating current to over¬ 
come this torque was 50 amp. The line voltage was 258 volts and 
the resistance was short-circuited in one step. Following the usual 
method of calculation, and assuming two equal current peaks, a calculated 
external resistance of 0.905 ohm would be required in series with the 
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motor armature. This would give two equal peaks of 220 amp. each. 
The oscillograph record of this test, shown in Fig. 58, was obtained with 
1.282 ohms in series with the armature and shows maximum current 
peaks of 168 amp. at start and 163 amp. when the resistance was short- 
circuited. This short circuit occurred when the counter e.m.f. across 
the motor brushes was 61.5 volts. This voltage divided by 0.268 ohm, 
which is the internal resistance, would give a peak of 230 amp. By 
extending the current peak to the instant when the resistance switch 
closed, the curve shown by dotted lines of Fig. 58 gives a close check 
upon the calculated value of the current. The effect of the armature self- 
induction is shown by the difference between the dotted line and the 



Fig. 52.—Starting tests of a 50-hp. 750-r.p.m. d.c. motor with a Prony brake load set 
for full load torque at full speed with 0.725 ohm external plus 0.25 ohm internal resistance. 
External resistance short-circuited in one step at 125 volts counter e.m.f. 


heavy line. The starting peaks are thus shown to be about two-thirds 
of the calculated value, using the geometric progression method and 
neglecting armature reaction. 

In Fig. 59 are shown the results of a similar test, accelerating with 
one-half full-load torque applied by Prony brake. The peak calculated 
in the usual way would require 138.6 amp., based on a minimum accel¬ 
erating current of 20 amp. The actual peaks obtained were 110 and 
102 amp., showing the calculated peak to be about 31 per cent in excess 
of the actual value. 

The following mathematical analysis has been worked out for cal¬ 
culating the true current peak shown in Figs. 58 and 59. 1 By taking into 
account inductance and inertia, it is possible to calculate the true peak 


1 Ey A. A. Gazda, who made these tests. 
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Time, seconds 



Time, seconds 


Fia. 53.—Starting tests of a 20-hp. 750-r.p.m. motor belted to a 50-kw. generator with 
no load on the generator. Resistance of 1.35 ohms for starting plus 0.25 ohm internal 
resistance. The starting resistance was short 7 circuited in one step at 150 volts counter 
e.m.f. for the upper set of curves and at 120 volts counter e.m.f. for the lower set. The 
adjustment for the upper curves gives equal current peaks and represents a practical 
controller. 


The effect of mutual inductance M is very small and can be neglected. 
On the other hand, the counter torque T c will be considered and assumed 

1 Hansen, K. L., Starting Characteristics of Direct-current Motors, Eq. (22), 
Proc. A.I.E.E ., February, 1917, p. 272. 
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constant; hence, 


Ljt + Ri + K^idt-KtJ Tcdt = E 

Since we are considering the case in which the motor has come up to 
some percentage of full-load speed and a part of the series armature 



Time, seconds 


Pig 54 —Starting tests of a 20-hp 500-1,500-r p m. motor belted to two 50-kw. gen¬ 
erators connected to give 20-hp torque at 1,500 rpm Resistance 0 76 ohm starting 
plus 0 34 ohm internal resistance The starting lesistance was short-circuited in one step 
when the countei e m f was 100 volts The field resistance was inserted when the starting 
resistance was shoit-circuited, the gradual rise of current being due to weakening the field 


resistance is short-circuited, the initial counter voltage of the motor must 
be added to the left-hand side of the above equation, giving 


fii 

E\ + L ^ + Hi + Ri 



The general solution of this equation takes the form 


-R + VR 2 -4LKit -R-VR*-*LKit 

i — Ai + A 2 € 2L + A& 2L 


in which A h A 2 and A 3 are constants of integration. The value of these 
in terms of known quantities when the motor is accelerating under a 
constant resisting torque is 


A i = I = the initial current 
a - a l(Rs-R) 

2 x/W-tLKi 3 s/R 2 - LK l 
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where J?, = series resistance that is short-circuited 
R = final resistance 

When 4LKi is greater than R 2 , the current oscillates around the 
value required for the constant torque load, and the above general solu¬ 
tion becomes 

27(7?, - Rl ( V5x 

1 ~ 1 + -& v n 2l ; x 

The values of current represented by this equation were calculated 
for the period immediately following the closing of the accelerating 
switch, as shown in Figs. 58 and 59. These values check the oscillo¬ 
graphic curve very closely and are shown in Table 1. This brings out 
the feasibility of calculating the actual peak current during the accelera¬ 
tion of the motor by means of series resistance 


Table 1—Accelerating Current Values 


Tune, 1 

seconds 

Vmperes at hall-load 
torque (Fig 58) 

\mpeies at full-load 
torque (Fig 59) 

0 00 

20 

50 

0 01 

76 

120 

0 02 

104 4 

153 5 

0 03 

112 8 

166 

0 04 

107 5 

151 

0 06 

83 2 

129 

0 08 

54 2 

93 

0 10 

33 0 

56 3 

0 123 

20 

50 

0 14 

16 5 

45 5 

0 16 

15 7 

45 

0 18 

16 9 

46 

0 24 

20 

1 

50 


1 Time is cal< ulatcd from the instant that the re&istance shoi t-circuiting switch makes conta< * 


These last tests confirm the writer’s opinion that only a small number 
of starting steps are required in accelerating a modern d.c. shunt motor 
under ordinary conditions. Where a compound or a series motor is 
used, the starting torque will build* up more rapidly, particularly with 
the series motor, so that this may prove a limiting condition during 
acceleration. 

A number of tests were made upon a reversing planer equipment 
to obtain a detailed analysis of the different parts of the operation. These 
curves, one set of which is show r n in Fig. 60, proved of considerable interest 
and value in designing these controllers. 
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1’iCjr. 55. Same data as Fig. 54, except that a Prony biake was used instead of the 
generator to give full load at 1,500 r.p.m. This gives a heavier starting torque and less 
inertia. The starting lesistance was short-circuited at 120 volts counter e.m.f. 



Time, seconds 


Fig. 56.—Effect of field vanation on dynamic braking. Made with a 15-hp. 400/1,600- 
l.p.m. motor belted to a 50-kw. generator with no load on the generator. When the motor 
was operating at 1,600 r.p.m. the armature was disconnected from the line and connected 
to a resistance to give dynamic braking. At the same time the motor-field rheostat was 
short-cirduited, strengthening the field to the 400-r.p.m. value. The curves show that the 
field built up faster than the speed decreased, so that the armature voltage at first increased 
and then remained practically constant for a considerable period. A strong dynamic brake 
was thus maintained until the motor speed was quite low, so that it could be easily stopped 
by friction or a mechanical brake. 
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ALTERNATING-CURRENT SQUIRREL-CAGE MOTORS 

Under certain conditions, an excessive current may be obtained in 
starting a.c. squirrel-cage motors. 1 These conditions are not likely to 


I I I.. 


I o 1 

1*151 
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1-280 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 


Time, seconds 

Fig. 59.—Same starting test as Fig. 58 except that the Prony brake was set for one-half 
full-load torque. The starting resistance was 2.062 plus an internal resistance of 0.268 
ohm. 



Time, seconds 


Fig. 60.—Starting tests of a 20-hp. 250/1,000-r.p.m., 230-volt shunt-motor operating 
a planer. Twenty-four-inch tool travel, 500-r.p.m. cut and 1,000-r.p.m. return stroke. 
Beginning at the left, the motor is accelerated for the cutting stroke, then dynamic braking 
occurs, followed by acceleration for the return stroke. The last loop is dynamic braking 
from the return stroke. 
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Several years ago, a series of breakdowns in the insulation of a wound 
secondary motor occurred, which were due to the inductive effect between 
the windings when the secondary circuit was opened before the primary 
winding was disconnected from the line. Oscillograph tests at first did 
not disclose this difficulty, but the use of the spark gap showed that 
approximately five times normal voltage might be obtained in the second¬ 
ary circuit under these conditions. Prior to that time, it was the general 
belief that an a.c. motor had very little inductive effect of this kind. 

FUTURE INVESTIGATIONS 

The writer believes that there is an opportunity for considerable val¬ 
uable work to be done along this line by universities and technical schools. 
Most of their laboratories are equipped with oscillographs and other 
means for this kind of investigation. The work is very interesting and 
instructive; in the foregoing description only the more important phe¬ 
nomena have been discussed. An analysis of the curves shows that the 
armature voltage is approximately equal to the line voltage at the instant 
of closing the circuit. The shunt-field amperage starts at zero and at 
first has a negative value, probably because of the reactive effect of the 
armature current. The peak values of the armature current show a 
round-off caused by the reactive effect of the circuit. This can be varied 
by changing the mechanical inertia of the parts or by changing the 
inductance of the complete circuit. The shunt field is assumed to follow 
the field current quite closely, although it undoubtedly does not reach the 
instantaneous values shown by the curve of field amperage. Further 
investigation in this line would be interesting. 
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METHODS OF ACCELERATING MOTORS 

In starting a motor from rest and bringing it up to full speed, resist¬ 
ance is inserted in the armature circuit of a d.c*. motor, or the rotor circuit 
of an induction motor, to limit the current (see Chap. I). This resistance 
may be short-circuited gradually by a manually operated controller, or 
the resistance may be short-circuited in steps automatically as the speed 
of the motor increases. • There are several methods of short-circuiting 
this resistance automatically, as follows: 

1. The counter e.m.f., or speed-limit, method. 

2. The current-limit method—series relay—lock-out switch. 

3. The time-limit method—dashpots, forced-acceleration—gearing—magnetic 
inductive delay. 

4. Secondary frequency for induction motors. 

More than one of these methods may be used in a single controller. 

In considering methods of acceleration, the time required to close a 
magnetic contactor or relay should be considered. Relays are small and 
close quickly, but a large contactor will take several tenths of a second 
to close; when three or four accelerating contactors are used, they will 
introduce an appreciable time lag in a total accelerating time of 3 sec. 
When a section of starting resistance is short-circuited, the inductance 
of the armature circuit retards the increase of current while the motor 
is increasing its speed, so that the current peak is reduced. 

Motors usually accelerate under a light load and the speeding up of 
the motor armature represents more than half of the work done. Fans, 
centrifugal pumps, and compressors do not pick up their load until 
nearly full speed is reached; the inertia of their rotating element is 
added to that of the motor armature. Machines usually have some 
friction load to be added. Slow-speed motors are easier to start than 
the high-speed ones. A centrifugal machine has a large inertia load 
because of its high speed and may require from 1 to 2 min. to accelerate. 
The time required to accelerate and the work done during this period 
influences the selection of the method used to obtain automatic starting. 

This chapter explains the fundamental principles of the methods more 
commonly used for automatic acceleration of a motor. They apply to 
the d.c. motor, and most of them can be used with a.c. motors. 
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THE COUNTER E.M.F., OR SPEED-LIMIT, METHOD 

This method has been applied to d.c. motors only, and is commonly 
used with shunt, or standard compound-wound, motors. When a 
motor is started from rest and accelerated to full speed, the voltage 
across the rotor terminals increases as the speed of the motor increases. 
If the coil of a magnetic contactor is connected across the motor 
brushes, the current in this coil will increase as the speed of the motor 
increases. By the adjustment of the air gap in the magnet, the con¬ 
tactor can be made to close at a fixed voltage across the motor brushes. 
The closing of the contactor can be made to short-circuit a section of the 
armature resistance. By the adjustments of several contactors to close 
at different armature voltages, the series steps of the starting resistance 
can be short-circuited and the motor be brought up to full speed. 



Push button 
Start Stop 

g,, 


Se quence of switches 


Sw 

Run 1 

1 

o 

o 

2 


o 


Fig. 61. —Connections for the counter e.m.f. method of accelerating a motor. 


A simple diagram with one step of armature resistance and one mag¬ 
netic contactor for short-circuiting this resistance is shown in Fig. 61. 
Several steps of starting resistance could, of course, be used with a con¬ 
tactor for short-circuiting each section. 

The closing of switch 1, which is operated by a push button, connects 
the motor to the line in series with the starting resistor. One end of 
the operating coil of this switch is connected to the negative side of the 
line, and the other end is connected through the push button to the posi¬ 
tive side of the line. The coil of switch 2 is connected across the brushes 
of the motor armature and will close the switch when the counter e.m.f. 
of the motor reaches a predetermined value. The closing of this short- 
circuits the starting resistor, RiR 2) and places the motor directly across 
the line in the regular operating position. 

With the elementary arrangement shown, if switch 1 is opened by 
pushing the stop button, switch 2 will not open immediately, as it will 
be held in by the counter e.m.f. of the motor. In most commercial 
switches a counter e.m.f. of 25 per cent of the full-speed value will hold 
the contactor closed. Under this condition, when the motor speed has 
been reduced to one-fourth full speed, and with contactor 2 still in the 
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closed position, the start button can be pushed, thus closing line switch 1, 
with the result that the motor will be connected directly across the Me, 
without any starting resistance, and may cause a severe jar to the motor 
and the machinery that is driven by the motor. In order to avoid such 
a possibility, in commercial controllers an interlock is usually provided on 
switch 1, which opens the current of the coil on switch 2 whenever switch 
1 is opened. 

The advantages of this method of acceleration consist in its simplicity, 
since the switch does not need an auxiliary relay or any other accelerating 
devices. 

Limitations arise where there is a considerable variation in the line 
voltage. An increase in line voltage will cause the contactor to close 


Fig. 62. —Connections, without the line switch, showing three contactors for accelerating 
the motor by using the counter e.m.f. method. 

sooner than it should, and a drop in line voltage sometimes prevents the 
contactor from closing. These, however, are extreme cases. With a rea¬ 
sonable system of power distribution, especially if the power circuit is 
used for lights, the variation of voltage will be small and no trouble 
should be experienced. Another disadvantage may be caused by a 
change of adjustment, resulting from a change in temperature in the 
operating coil of the contactor. In a properly designed contactor, how¬ 
ever, changes in the coil temperature will not cause trouble. 

Where several contactors are to be installed, it is often necessary to 
furnish different coils, in order that adjustments can be made over the 
wide range of voltage necessary for the operation during acceleration. 
Interlocks are used for dropping out all but the last switch, in order to 
protect the low-voltage coils from overheating. 

A modification of the connection shown in Fig. 61 is often used, in 
order to keep all the coils alike and to eliminate the interlock on the last 
switch. This arrangement is shown in Fig. 62. The operating coils 
of all contactors have one side connected to the motor brush farthest 
away from the starting resistor. The other sides of the operating coils 
are connected to the taps on the starting resistor, the coil on switch 1 
being connected to 2? 2 on the resistor. The voltage on this coil is equal 
to the line voltage, less the drop in voltage through the first section of 
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the resistor, making a combined counter e.m.f. and current-limit method 
of acceleration. As the speed of the motor increases, the counter e.m.f. 
causes a decrease in the armature current. This reduces the drop through 
the first section of the starting resistance. The voltage on the operating 
coil of switch 1 is gradually increased until this switch closes. Switch 2 
has its operating coil connected to i? 3 on the starting resistor. The volt¬ 
age on this coil is increased by the closure of switch 1. The increase in 
current, however, at this instant, causes a considerable drop in the second 
section of the starting resistance. As this current gradually decreases 
with the increased speed of the motor, switch 2 closes. The operating coil 
of switch 3 is connected across the motor armature, the switch closing 
when the counter e.m.f. of the motor is nearly equal to the line voltage. 

THE SERIES RELAY, OR CURRENT-LIMIT, METHOD 

There are a number of different schemes for using a series relay to 
control the acceleration of a motor. The principle involved in all these 



Fig. 63.—Simplified diagram of connections. A series relay used to regulate the accelera¬ 
tion of the motor. 

schemes is a relay having a series winding that holds the relay contacts 
in the open position when the current exceeds a predetermined value. 
When the current is reduced sufficiently, the relay armature drops and 
completes the circuit to the shunt coil of a magnetic contactor. This 
method of acceleration can be used for either a.c. or d.c. motors. The 
arrangement most common in industrial applications consists of a series 
relay for each magnetic contactor. The relay contacts are held open 
mechanically until the electric circuit .is closed with the maximum resist¬ 
ance in series. The relay armature is then released mechanically but 
will not drop until the current is reduced to the value for wjiich the relay 
is set. The dropping of the armature completes the circuit for the 
operating coil of a magnetic contactor, which short-circuits a section of 
the starting resistance. 

A simple form of this control is shown in Fig. 63. Switch 1 is con¬ 
trolled by a push button in the same way as in Fig. 61. This contactor 
is provided with a series relay mounted directly beneath the switch, 
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whose contacts are connected to the positive line and, through the operat¬ 
ing coil of switch 2, to the negative line. When the relay armature is 
released, these contacts are connected together, thus causing switch 2 to 
close. .When switch 1 is open, the contacts of the relay are held in the 
open position by a spring. When switch 1 closes, it release^ this spring 
by mechanical means, so that the contacts may close. The current, how¬ 
ever, in the series coil holds the armature in the upper, or open, position 
until the current has been reduced to a predetermined value. The arma¬ 
ture then drops and its contacts are closed. This will not occur until after 
the motor has approached full speed, so that, when switch 2 closes and 
short-circuits the starting resistor, the increase in current will be limited. 
Several sections of armature resistance may be used with switches for 
short-circuiting each section, each switch being controlled by a series 
relay mounted on the preceding switch in the manner described. 

The advantages of this method of acceleration are these: 

1. The short-circuiting of the starting resistor depends directly upon the motor 
current. 

2. This method is not affected by variation in line voltage, provided that there is 
sufficient voltage to close the magnetic contactors. 

3. The adjustments for closing are not affected by the heating of the coil. 

4. This method limits the load under which the motor will start. If the load is 
too great to allow the motor to accelerate sufficiently to reduce the current to the 
predetermined value, the relay will not drop and close its contacts, and therefore the 
starting resistance will not be short-circuited. 

The limitations of this method are the following: 

1. This method may result in too rapid an acceleration of the motor under light 
loads. 

2. Additional apparatus is required, viz ., a relay for each resistance contactor. 

3. The motor may fail to start under overload. This was given as an advantage, 
but in some cases it may be a disadvantage, depending upon the application. 

Series Lock-out Contactors 

The series lock-out contactor, when used for accelerating a motor, 
depends on the value of the armature current in the same way as the 
series relay method of acceleration. The contactor is designed so that it 
is held in the open position when the current through the operating coil 
or coils is in excess of a fixed value. When the current decreases to the 
value for which the contactor is set, it closes. There are two general 
types of these contactors, one using a single coil and the other a double 
coil. Some contactors depend for their operation on the saturation of 
the magnetic circuit, while others are designed for circuits not saturated. 

The motor-armature current may pass through the operating coil, or 
the operating coil may be connected across a shunt in this circuit. A 
very convenient form of shunt is the starting resistor. 
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Single-coil Contactors with Saturated Iron Circuit. —This type of 
lock-out contactor is the one most easily understood. The following are 

several examples of this design. 

SB) A lock-out contactor of the coil- 
and-plunger type is illustrated in Fig. 

\ . |) 64. The operation of this contactor 

can be understood by referring to 
Figs. 65 and 66. The flux passing 
J through the air gap U tends to lift the 
^ plunger P, which closes the contacts. 

^ This upward movement of plunger P 

is retarded by the magnetic flux in the 
air gap D. Part of the flux passing 
through P enters the narrow portion 
of the plunger and part passes through 
the air gap D. The iron in the lower 
portion of plunger P becomes Satu¬ 
rn rated at high current values, forcing 
d a part of the flux through the air gap 
D. As the current through the coil C 
AP* decreases, the total magnetic flux is 

_____ less. The larger part of this flux 

Fig. 64.—Lock-out contactor of the passes through the narrow portion of 
solenoid type with a series coil. the pl un g er J> f and less through the air 

gap D. When the current in the coil drops to the proper value, the flux 
through the air gap D is no longer able to prevent the upward move¬ 
ment of the plunger, which in turn closes the contacts. 


Fig. 64.—Lock-out contactor of the 
solenoid type with a series coil. 



Fig. 65.—Section of lock-out, contactor Fig. 66.—Section of lock-out contactor 

magnet, solenoid type, showing distribu- magnet, solenoid type, showing distribu¬ 
tion of flux on overload. tion of flux at time of closing. 
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The contactor shown in Fig. 64 has its air gap D located at the end 
of the sleeve near the bottom of the operating coil. This air gap can be 

Magnet yoke 
Magnet core 

Operafing i coH closing 
air-gap 

Pivot 
Armature 
bracket 
Armature 

Damping 
coil 


Tailpiece 

Lock-out air-gap 
Iron calibrating screw 
Fig. 67.—Clapper type of a faeries lock-out magnetic contactor. 



adjusted up or down by means of the 
greater the air gap, the higher the 
current value at which the contacts 
are closed. 

A clapper type of lock-out con¬ 
tactor is shown in Fig. 67. The 
flux or magnetism in the iron is 
caused by current flowing through 
the operating coil. This flux passes 
through the air gap to the armature 
of the contactor. Part of this flux 
passes from the armature through 
the armature bracket to the magnet 
yoke, and thence to the magnet 
core. Another part of the flux 
passes from the armature through 
the tailpiece to the magnet yoke. 

The flux through the tailpiece exerts 
a pull, which prevents the contactor 
from closing. The magnetic path 
through the armature bracket has 
a small cross section, so that, when 
the current flowing through the 
operating coil exceeds a certain 


threaded hollow plug AP. The 



'"'Variable-put! co/I 
> in series with armature 


Fig. 68. —Two-coil magnetic contactor 
manufactured by the Monitor Controller 
Company. The closing coil is shunt wound 
and the lock-out coil on the bottom is series 
wound. 


value, the bracket becomes saturated and the balance of the flux passes 
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Circuit diagram of series interlocking 
No coil interlocks necessary 



Circuit diagram of shunt interlocking 

Fig. 69—The application of the (ontactors (Fig 68) used foi automatic accoleiation 
When M is closed the upper, or closing, coil of 1 A is connected across the line and the 
lower, or lock-out, coil is in Hones with the rnotoi When the aimatuio ounent deci eases 
to a fixed value, the top coil closes 1 A and its interlock 1 Aa connects the top coil of 2 A 
across the line When the current diops, 2 A closes and connects the top coil of 34 acioss 
the line When the current is reduced to the fixed value, 3 A closes The starting resistor 
is now short-circuited 


DC Power 



Fig, 70,—Contactor of tig 68, with a simplified arrangement of circuits. Control similai 

to Fig. 69. 
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through the tailpiece, holding the contactor open. As the current 
decreases, the flux in the saturated armature bracket remains constant, 
but the flux through the tailpiece decreases until it is not sufficient to hold 


the contactor open. The switch can 
be adjusted to close at a predeter¬ 
mined current value by changing the 
hold-out air gap between the tailpiece 
and the magnet yoke. This air gap is 
adjusted by means of a calibrating 
screw. The greater the air gap at this 
point, the higher is the current value 
at which the switch will close. When 
the circuit is first completed through 
the operating coil, there is danger of 
the switch’s closing before the flux in 
the tailpiece is sufficient to lock it 
open. This tendency is overcome by 
placing a heavy copper damping coil 
around a portion of the armature 
bracket. When the operating coil is 
energized, this coil forces the flux to 
build up in the tailpiece in advance of 
the armature bracket. 

THE TIME-LIMIT METHOD 

The accelerating resistor is short- 
circuited under the control of a 
time-limit device. The contactors 
controlling the resistor may have the 
time delay incorporated as an integral 
part of them (see Figs. 71-73) or their 
magnetic circuit may be controlled by 
time-delay relays (see Figs. 75 and 77) 
or a master switch (see Fig. 78) may 
be used. Many different devices are 
used for this method of acceleration, 
delay methods are the following: 



Fig. 71.—The Clark Controller Com¬ 
pany's Vari-time magnetic contactor 
with a dashpot in the magnet core. 

When the coil is energized, a flux is 
set up through the hollow brass cylinder 
A, steel frame B, and steel armature C; 
but since the brass core is nonmagnetic, 
insufficient flux is produced to cause the 
armature to close the main contacts. 
However, because of the well-known 
property of a solenoid to pull its core to 
its magnetic center a pull is exerted by 
the coil on the steel plunger D , tending 
to pull it forward into the center of the 
coil. This motion forward, however, is 
opposed by liquid E , trapped between 
the core and the front end of the hollow 
brass tube A. Hence, before the core 
can move forward to the center, this 
liquid has to pass through orifice G into 
the rear of the cylinder. This action 
controls the time required for the steel 
plunger D to move into the coil center 
and this provides a time delay for closing 
the contactor. The time can be varied 
by adjusting stud H. This contactor is 
used for accelerating motors. 

Some of the more common time- 


1. An oil or an air dashpot. 

2. A magnetic or a mechanical drag instead of a dashpot. 

3. A motor-operated timer. 

4. A ratcheting device with reciprocal drive. 

5. An escapement device controlled by a pendulum or a balance wheel, like a clock 
or a watch. 
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6. A magnetic inductive delay—usually the time required to collapse a magnetic 
field. 

Dashpot devices are the oldest of these and are easy to understand, 
but experience and skill are required for designing them. The friction 
may vary as a result of dirt and temperature, and the viscosity of oil, 



Fig. 72.—The Square D pneumatic time-delay unit consists of an operating member 
attached to a rubberized-fabric diaphragm A, which forces air from the upper to the lower 
chamber through check valve B when the magnet is energized. This flexes C downward to 
accommodate the air movement and opens the contacts. When the magnet is deenergized, 
the operating member moves to the right at a rate determined by the taper valve D , that 
regulates the flow of air from the lower to the upper chamber by screwing it in or out. 

This device is used also to control the current for spot welding. It can be connected in 
the circuit in the same way as the magnetic lag relays in Fig. 84. 

The tail bar can be mounted on the other end of the armature and the magnet reversed 
to set the time when the coil is dead and to release it when the magnet is energized. 

if it is used, is affected by temperature. In some of the designs that are 
now used, these limitations are largely overcome. When a separate 
timing device is used for each step of resistance and fast acceleration is 
desired, accurate timing is not very important. Often the accelerating 
time must not be less than a fixed value, but may exceed it to take care 
of variation caused by temperature, etc. There must always be enough 
force to overcome the friction and the viscosity of the oil. The dashpots 
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Fig. 73.—Square D magnetic contactor with the pneumatic timer shown in Fig. 72. 



Fig. 74. Monitor Conti oiler Company’s time-limit starter using a geai train for the 
time delay element. If the starter is for a d.c. motor, the line switch is the contactor on the 
left side of the panel. At the right of the panel is the overload relay. In the center is the 
accelerator, actuated by a solenoid magnet, that first closes the top contacts in succession to 
short circuit steps in the starting resistor. The bottom contact provides the final short 
circuit. The gear train provides a definite time for starting. 
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may require cleaning and adjustment from time to time. The applica¬ 
tion is usually made to controllers that require short periods of accelera¬ 
tion. Figure 71 shows a steel-mill contactor using an oil dashpot. 

A magnetic drag is often a geared device coupled to a disk rotating 
through a magnetic field. A fan or a pump drag can be used in the same 
way. The actuating means may be a motor, a spring, or a weight. The 
device, which is usually applied in the form of a relay, is used where a long 
time delay is required 



Tig. 75 —Monitor work-cycle timer mounted on a panel One unit may t on tun any 
desired number of contacts, this one has six 

A motor operates a shaft, through gearing, that moves the totaling contacts into 
engagement with the stationary contacts The rotating contacts aie connected to the 
shaft by friction members, which engage them when the magnet is energized After the 
moving contact engages its stationary contact, the friction member slips and permits the 
other contacts to be moved up The disconnecting of the magnet permits the rotating 
contacts to drop back to the starting position 

The pilot motor-operated timer (see Figs. 75 to 79) usually depends 
upon its gear ratio for the timing. The coil of a series relay can be put 
into the main motor circuit and its. contacts arranged to open the pilot- 
motor circuit and arrest its movement if a current limit is reached The 
pilot motor drives a drum shaft or a camshaft to establish contacts that 
short-circuit the accelerating resistor either directly or as a relay to close a 
riiagnetic contactor. Master switches often are of the drum type. When 
heavy currents are switched, the cam type is best. 

These timers are well suited for long periods of acceleration. They 
are simple and rugged in design and are easy to understand A quick 
reset can be obtained by revolving the shaft one notch farther in the same 
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Fig 76. Fig 77. 

Fig 76 —Westinghouse cam contiollci for regulating the speed of a wound secondary- 
induction motor 12 to 20 steps 600 to 1000 amp The operating mechanism (see Fig. 77) 
is located in the top of the conti oiler. The contactors and cams are shown in Fig 78 
Fig 77 —Operating mechanism for controller shown in Fig. 76. 



Fig. 78.—Contactors and cams for controller shown in Fig. 76. 
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direction of rotation to return to the starting position automatically 
when the line contactor is opened, or a magnetic reset can be used (see 
Fig. 75). This type of control can be used for both a.c. and d.c. 
motors. 



Fio. 79 —Westinghouae camshaft accelerator driven by a pilot motor on the back of the 
panel Handwheel foi manual acceleration 

The ratcheting and escapement devices fall into the same class 
They consist of gearing and an actuating means. The ratcheting device 
has a reciprocating drive actuating a pawl in a ratchet wheel. The 
escapement device is a simple and iugged set of gears similar to a clock 
or a watch movement, the timing conti oiled by a pendulum or by a 
balance wheel. These methods are applied to small starters and relays. 
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Accurate timing can be obtained with the pendulum arrangement for 
long periods of time. It closely resembles a motor-driven clock. 



Fk,. 80—Elementary sketch of magnetic-timing relay showing the copper tube for 
increasing the time of aimature release and demagnetizing coil to leduce the time. Either 
oi both can be omitted. Time can be reduced by inc reasing the an gap. 




i 





Fig. 81.—The Geneial Electnc Company’s magnetie-time-delay lelay. 


The magnetic inductive delay has a variety of interesting possibilities. 
It is based upon the principle that time is required for magnetic flux in 
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an iron circuit to die out. The time can be lengthened by putting a 
copper tube around the magnet core. This becomes a short-circuited 



Fig. 82.—Electric Controller and Manufacturing Company time-current accelerating 
iclav A, senes coil, (\ adjusting core, E, aluminum tube, F, core, G, movable contact, H , 
stationaiy contacts 


Motor gear or Motor cutout 

y rubber disk ^ switch ^Latch spring 








±Jr m h* %j ( ^ ... 
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Gear shaft 
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Fio 83a— Geneial Electnc Company’s definite time-delay relay. 


secondary and opposes any change of flux in the iron (see Fig. #0). The 
time can be adjusted by changing the thickness of this tube. Similar 
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results are obtained by short-circuiting the magnet coil. Resistance 
added to the coil circuit shortens the time. A second method is to change 
the air gap in the iron circuit. A small change has a large time effect. 


Back view 



Fig. 83 b .—Diagram for relay shown in Fig. 83a. 


F/efd 



Fig. 84.—Magnetic time-delay acceleration. To start, close the master switch whieh 
closes 1, la, 5, 5a, and energizes coil 11. When the magnetism in WAR is nearly zero, 
11 and 11a close and short coil 12 AR, which permits 12 and 12a to close and to short coil 
\3AR. This permits 13 to close. Magnets WAR, V2AR, and \3AR can be attached to 
the tailpiece of a contactor (see Fig. 86) and 11a and 12a be interlock contacts or the 
magnets can be parts of separate relays (see Fig. 82) having contacts in series with coils 
11, 12, and 13 shown in dotted lines. The collapse of flux in WAR, 12 AR, and 13 AR can 
be controlled by the air gap or by damping means. 

A third method is to use a small demagnetizing coil. A fourth method 
is to shunt the coil with a condenser or a resistor. 

One type of relay has spring-closed contacts opened by a magnet 
(see Fig. 80). Upon starting, the magnet is energized to open the contacts, 
which are closed when the magnetic flux in the core decreases to the 
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Field 



Fig. 87.—Magnetic time-delay acceleration ubing a transfonner to energize the lock-out 

magnets. 

To stait, close the master switch. This closes 1 and 5 and energizes 11. Transformer 
12T now predominates over 13 T as R\-R* is gieatei than Rt-Ri, giving 12T more voltage 
than 137\ Ounent is induced in 11 T during the rise of flux. When the flux becomes 
constant, 11^4# releases the contactoi (Fig 86) and 11 closeb. This short-circuits 12 T, 137\ 
icveises the flux, and causes cunent to flow m 12 AR. When the flux becomes constant, 
12 AR releases and 12 closes. This short-circuits 13 T and the flux collapses, sending current 
thiougli Y2AR When the flux is gone, 1 3AR releases and 13 closes. 

Coils 11A R, 12 AR, and 13 AR can be on lelays (hig 80), and hold open contacts in 
senes with 11, 12, and 13 shown by the dotted lines instead of holding the contactors (Fig. 
86) open. The timing can be adjusted the same as for Fig. 84. 



Fig. 88.—Diagram of timing device for Fig. 89.—Diagram for obtaining d.c. 

relay CR, using a neon tube NT, & con- power from an a.c. circuit for the timing 
denser C, and relay contacts CR . device in Fig. 88. 
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release value. Figure 80 will illustrate a single- or double-coil switch or 
relay. 

In the time-current accelerating relay shown in Fig. 82, when a current 
passes through the series coil the magnetic flux building up in the core 
and the frame induces a current in the aluminum tube, causing it to 
jump and open the circuit to a succeeding accelerating contactor coil. 
When the series current and the flux cease to build up, the aluminum 
tube starts to sink, but does this more slowly if the series-coil current 
remains large. For light starting loads the aluminum tube falls more 
rapidly. At the bottom of its stroke it bridges the stationary contacts 



Fig. 90.— Diagram for obtaining current in addition to time control of relay CR shown 
in Fig. 89. This gives the time-current acceleration of Electric Controller and Manu¬ 
facturing Company Neo-time-current starters for a.c. motors (Fig. 94). 

to bring in the next accelerating contactor. The maximum time setting 
(2.75 sec.) with stalled motor current flowing in the series coil is obtained 
with the core screwed up into the frame flush with the locknut. Screwing 
the core down shortens the time interval for a given coil current. This 
relay, with some modifications, is used to prevent the plugging contactor 
from closing until the counter e.m.f. of the motor is reduced. It is con¬ 
nected across the plugging step of resistance. 

An interesting application of the relay shown in Figs. 83a and 6 is a 
group of motors that cannot be started together after a voltage failure 
caused by lack of power, such as motors on an irrigation service line. A 
relay added to each motor control can be adjusted to start the motors at 
intervals. The General Electric Company’s time-delay relay (Fig. 83a) 
is driven by a synchronous motor suitable for use on alternating current 
only. When the relay is energized, the solenoid engages the motor 
with the contact-operating mechanism; a tap on the solenoid provides the 
correct voltage for the motor. After the predetermined time interval has 
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elapsed, the normally open contact TC closes, the normally closed contact 
TO opens (see Fig. 836), and the motor cutout switch disconnects the 


2A 1A 



Fig. 91.—Neo-time-current acceleration for a three-step starter for squirrel-cage motor. 
The first operation of the CR, or timing relay, closes relay C\ which holds itself closed as 
long as CR is closed and which, when operating, opens the circuit to relay B and closes the 
circuit? to relay A, causing A to operate, which in turn holds itself closed and closes the 
first accelerating contactor 1A. If the timing relay CR should remain closed, even after 
1 A operates, it is impossible to close relay B, because C is still held in its closed position. 
Therefore, only one step of acceleration can come in on the operation of CR and, in order 
to get the succeeding steps of acceleration closed, CR has to drop out, which will occur after 
the condenser has discharged. When CR drops out, the charging circuit to the condenser 
is again established and relay C drops open. When the condenser has again become 
charged, it causes CR to operate for the second time, and this time CR will close relay B 
through the contacts of lA and C. B will then hold itself closed and close accelerating 
contactor 2A, completing acceleration of the motor. Closure of contactor 2A opens the 
circuit to the timing transformer and prevents further operation of the timer while the 
motor is running. 

motor. The contacts remain in the timed-out position until the relay is 
deenergized, at which time the solenoid drops out and the contacts are 
reset instantly to their original position. 
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An interlock contact J (Fig. 83a) is provided to establish a holding 
circuit when the relay is energized from a momentary-contact push 
button, as shown in Fig. 83&. This contact, which is normally open, 
closes when the solenoid is energized. 

The time setting may be adjusted by releasing the locking spring B 
and turning the calibrating dial A until the locking spring is dropped into 



Fig. 92. —Electric Controller and Manufacturing Company’s controllei using eon- 
denser-timing and current limit. This is the master element for the controller shown in 
Fig. 93. This device is in the enclosed cabinet at the top of the controller. 

the slot marked with the desired time. The dial is calibrated either in 
seconds or in minutes, depending on the maximum time obtainable. 

Another type consists of a normally open switch, closed by a magnet 
and having a lock-out magnet attached to its tailpiece, to lock the switch 
open until the flux in the tail magnet dies out (see Fig. 86). The oper¬ 
ation of the controllers using these three types of switches is explained 
in the captions under the diagrams. 

The magnetic-delay method is free from friction, temperature, dirt, 
and moisture; its timing remains constant if the air gap does not change. 
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One size and design of relay can be used for controlling different sizes of 
contactors, which makes a good manufacturing, and stocking arrange¬ 
ment. Standard contactors can be used. 

This method of control is used for a.c. motors by rectifying the control- 
circuit current. 



tiG 93 A complete contioiler Ubing the nidbtet element bhown m tig 92. 


Two pole contactors are required to short-circuit the resistance in the 
secondary of a slip-ring motor. 

Figure 88, taken from H. L. Wilcox’s paper before the A.I. & S.E. on 
Dec. 4, 1939, shows how a condenser C and a neon discharge tube NT can 
be used to time a relay with coil CR. When the voltage on the condenser 
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reaches the ignition voltage of the neon discharge tube NT, the condenser 
discharges through the tube and the coil, which causes the relay to “pick 
up,” opening the charging circuit and closing a discharge circuit for the 
condenser around the tube and through the coil. The relay remains 
closed until the condenser voltage reaches the “drop-out” voltage of the 
relay. The relay then closes RCa and opens RC, and the cycle is repeated. 



Fig. 94 Diagram fallowing Noo-time-eurient aecelei ation foi a four-btep wound-iotoi 
induction motor of the Electric Controllei and Mamifactunng Company. 

Other contacts can be added to the relay to actuate contactors when the 
relay is either Up or Down. When used with a.c. power, the d.c. power 
required for operating the relay can be obtained from a rectifier of the 
tube type (see Fig. 89) or of the copper oxide type. The relay CR can 
be combined with a potential transformer PT and a current transformer^ 
CT (see Fig. 90), to give time-current acceleration of a.c. motors. The 
current transformer opposes the voltage of the potential transformer, to 
increase the time required to operate the relay CIi. 

In the diagram shown in Fig. 90, PT is a potential transformer supply¬ 
ing voltage for the rectifier tube RT i, similar in connections to the circuit 
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shown in Fig. 90. CT is a current transformer, the primary of which 
can be connected in the primary circuit of the motor or other device, 
while the secondary supplies voltage to a second rectifier tube RT 2 . The 
connections are so made that the rectified voltage from tube RT 2 bucks 



K Master contacts 

Fig. 95.—Diagram of a.c. controller using frequency relays to obtain automatic 

acceleration. 

the rectified voltage from tube RTi and it is thus seen that, with higher 
currents in the primary of C T , the combined rectified voltage for charging 
the condenser will be reduced and, therefore, the time for the condenser 
to become charged will be increased. It is necessary in these connections 
to use load resistors RL and RLx, also two filter condensers C i and C 2) 
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which cause the two rectified voltages to remain in phase. By shifting 
the current adjustment tap on the resistance supplied with the CT 
timing element, it is possible to increase or decrease the amount of 
bucking effect, and, therefore, to increase or decrease the amount of 
current effect upon the timing. 

FREQUENCY CONTROL FOR ACCELERATING 
A.C. WOUND-ROTOR MOTORS 

When a 60-cycle a.c. wound-rotor motor is accelerated, the secondary 
frequency decreases from 60 cycles at zero speed to two or three cycles 



Frequency, cycles per sec. 

Fig. 96.—The drop-out points of relays when the frequency decreases during acceleration of 
a wound-rotor induction motor (Fig. 95). Those points are at 63, 44, 22, and 6 cycles. 

at full speed and the voltage between phases also decreases in the same 
proportion. The Electric Controller and Manufacturing Company has 
developed a frequency-relay system responsive to this frequency and 
voltage change to control the short circuiting of the secondary resistor 
in steps, in accordance with the motor speed shown in Fig. 95. Use is 
made of the principle of resonance to hold relays open until the desired 
frequency is reached. Each relay coil has a condenser in series with it 
and both are in parallel with part of an adjustable resistor, as is shown 
in the diagram. The condensors are given different capacities to make 
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the relays drop out at 63 cycles for plugging, 44, 22, and 6 cycles for 
acceleration. Figure 96 shows the current curye of each relay and its 
drop-out point. 

Both the diagram and the curve are taken from the paper by H. L. 
Wilcox, previously referred to. This paper describes many details of the 
control. The relay inductance is different at open and at closed gap, so 
that the relay “drops out” at a higher current than it “picks up.” 
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Fig. 97.—Spoed-torque curves of a wound-rotor induction motor. Each curve has a 
different amount of resistance in the secondary circuit. The last curve to the right has no 
external resistance and the secondary windings are short-circuited. 



Should the load on the motor increase above normal, the secondary 
current will increase, the relay will pick up, and the secondary resistance 
will be increased. From Fig. 97, showing the speed-torque curve of a 
wound secondary motor, it will be seen that for each step of resistance 
added, the motor speed is reduced; this usually reduced the load. The 
motor will be automatically accelerated to full speed again when the 
load returns to normal. The curves also show that the resistor should 
not be reduced faster than the motor accelerates, as this will reduce the 
torque and the motor may “pull out.” When the load has a flywheel, 
these relays can be used to “step back” on the resistor to let the flywheel 
take part of the load and keep the current peaks down. 
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CONCLUSION 

The selection of the proper method of accelerating a motor depends 
upon the application, the voltage regulation of the power supply, the 
first cost, and the preference of the purchaser. 

Customer preference shifts from one type to another and all have 
their limitations—a circumstance that influences the situation. Often 
several different methods of acceleration are equally satisfactory for the 
same application. Usually the type having the lowest first cost is 
preferred in the general-application field. More expensive types are 
justified in special fields, as they reduce the maintenance expense and 
shutdown time. Time delay is preferable where the line voltage fluctu¬ 
ates. The increment starting required for large motors connected to 
network systems uses definite time-delay acceleration. The counter 
e.m.f. system requires the least apparatus. 

The series lock-out contactor, which was once very popular in steel- 
mill service, is not used much at present. The popular method now is 
time delay. 



CHAPTER VII 

METHODS OF SPEED CONTROL 


DIRECT-CURRENT VARYING-SPEED MOTORS 

Variations in the speed of a d.c. motor can be obtained by changing 
the voltage across the motor brushes. Usually this is accomplished by 
placing a resistor in series with the armature, as shown in Fig. 98. The 
drop in voltage through the resistor is equal to the resistance multiplied 
by the current. If the line voltage remains constant, the speed of the 
motor can be varied by changing either the ohmic resistance or the load. 
The characteristic curves for d.c. shunt, compound, and series motors 
are shown in Fig. 99. Curve A is for a shunt motor. The difference in 



Fig. 98.—Diagram of connections for varying speed of d.c. motors that use a resistor in 

series with the armature. 

speed between full load and no load is caused by the drop in voltage due 
to the internal resistance of the motor. The amount of change in speed 
is called the regulation of the motor, which may be expressed by giving 
the speeds at no load and at full load or as a percentage change in speed. 
The shunt motor is assumed to have a constant field strength; therefore, 
the change in speed is small. If, however, a resistor is placed in series 
with the armature, a curve such as A A is secured, which shows consider* 
able reduction in speed at full load, the amount of speed reduction depend¬ 
ing upon the resistance in series with the armature. In this case, it can 
readily be seen that the speed of the motor depends upon the load and 
will vary with different values of torque. For this reason these motors 
are called “varying-speed” motors. 

If part of the field winding is made up of series turns, the field strength 
will increase with increased torque, so that the difference between 
no-load and full-load speed is quite marked, as is shown by curve B. 
If external resistance is used, a curve such as BB results. This curve 
can be changed by varying the amount of resistance in series with the 
armature. Curve C shows the regulation curve of a series motor. Theo- 

95 
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retically, at no load, there is zero field strength and, therefore, infinite 
speed. Consequently, it is necessary to have a definite load on a series 
motor to prevent its running away, and series motors should not be used 
for any applications where the load is reduced to a very small value. 
Usually 25 per cent of full load is required to keep the speed within safe 
limits. If a resistor is used in series with the armature, curve CC results, 
which can be varied by changing the resistor. 

It will be seen from these curves that the series motor is best adapted 
for speed regulation by the use of series resistance, the slope of its curve 
being much steeper than those for the shunt and the compound motor. 
Where the load may become very light at times, it is necessary either to 



Fig. 99.—Characteristic regulation curves of cl.c. motors that use the series resistor scheme 

in Fig. 98. 

make a special arrangement for energizing the series field, as will be 
explained later, or to use a compound motor. The curve for the com¬ 
pound motor will vary between that of the series and that of the shunt 
motor, depending upon the percentage of compounding used. 

With this method of speed control, it is necessary to change the 
amount of armature resistance to obtain the correct speed with a changing 
load. This at first sight may seem to be rather complicated, but in 
practice the operator can move his controller lever forward or back 
until the desired speed is obtained. 

Where it is desirable to regulate the speed of the motor within closer 
limits, the arrangement of resistors shown in Fig. 100 is used, where RA 
is a resistor in series with the armature and RS is a resistor in shunt 
with the armature. This is known as a combined armature-series and 
shunt-resistance control. If RS has a very low ohmic resistance, the 
speed of the armature can be held at ?, low value throughout its range 
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of load. Figure 101 shows the various curves for this arrangement. 
Curve 1 is the armature current. Curve 2 is the line current, and curve 3 
is the shunt current passing through the resistor RS. Curve 4 is the 
speed-current curve for the motor connected directly to the line. It can 
be seen from these curves that the motor performance is somewhat 
similar to a badly regulated shunt motor. At no load, the series field 


Series res/s/or A 

■ittsruwi 


Shunt resistor 


RA 



Shunt field 
-VWVWNA- 


Fig. 100.—Diagram of connections for speed regulation that use the combined series and 
shunt resistance control method. 


obtains current through the resistors RA and RS so that the speed of the 
motor has a fixed value. The speed can be changed by varying either 
RA or KS. Sometimes both are changed simultaneously. In figuring 
the speeds obtained with this arrangement, the circuit is rather compli¬ 
cated. The problem can be simplified by drawing curves similar to the 
ones shown in Fig. 101. Two points in these curves can readily be 
determined. The armature and line current can be found for zero load 



Fig. 101.—Characteristic curves of d.c. motors that use the control scheme in Fig. 100. 

and for zero speed. The shunt current in resistor RS can be figured 
from these two values. 

DIRECT-CURRENT ADJUSTABLE-SPEED MOTORS 

If the internal resistance of the armature is neglected and if it is 
assumed that the number of conductors on the armature is fixed, the 
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speed of the motor will depend upon the strength of the field, provided 
that a constant voltage is maintained across the armature brushes. If 
the motor is shunt wound and a rheostat is placed in series with the field 
winding, the current can be changed and the motor caused to operate at 
different speeds. The speed of the motor will be practically constant for 
whatever value the rheostat is adjusted and will not vary under changing 
loads. For this reason, the motor is called an adjustable-speed motor. 
There will be a small change in speed between no load and full load, owing 
to the drop through the armature resistance. This change in speed, how¬ 
ever, is usually negligible for most applications. The amount of speed 
range that can be obtained on a given motor depends upon the iron in the 
magnetic circuit. The slowest speed is obtained with the maximum field 
strength. This field strength, of course, reaches a limit when the iron 
in the magnetic circuit becomes saturated. The maximum speed is 
obtained with the weakest permissible field strength. This can be 
reduced only a limited amount, as sufficient field must remain to give 
stable operation of the motor. To obtain a wide speed range by field 
control involves considerable expense in the motor, and usually a maxi¬ 
mum of four to one is all that is attempted commercially. 

For many applications, the combination of armature resistance and 
field control is used. The slow speeds are often required for only short 
intervals of time or at reduced loads, so that the loss in armature resist¬ 
ance is small. 

DIRECT-CURRENT MOTOR VARIABLE-VOLTAGE CONTROL SYSTEM 

If a separate generator is provided for each motor, the speed of the 
motor may be altered by changing the field strength of the generator. 
This alters the voltage of the generator and the motor has a speed corre¬ 
sponding to the generator voltage. The generator field may be reversed 
to reverse the rotation of the motor. Very slow speeds can be obtained 
and the speed remains fairly constant between no load and full load. 
In the past, this method of control has been reserved for large motors of 
several hundred horsepower, being particularly adapted for reversing 
service, as for large mine hoists and reversing steel mills; but recently it 
has been successfully extended to smaller motor installations, such as 
elevators, reversing planers, etc. The controller is small and inexpensive, 
as only the field current of the generator is manipulated. It is the prac¬ 
tice to connect the generator and motor armatures in a closed circuit pro¬ 
vided with a single overload circuit breaker, which is opened only in 
cases of emergency. Electron tubes can be used instead of the Motor- 
Generator Set. See Chap. XIX. 

Sometimes this arrangement of control is combined with a motor 
having a two-to-one speed range by field control, so that higher speeds 
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can be obtained for certain operations. The initial cost of this combina¬ 
tion is less than that of the constant-speed motor, as it does not add, a 
great deal to the cost of the motor to obtain the additional increase in 
speed, and a smaller generator can be used than would be required if the 
entire speed range were obtained by varying the generator voltage. 

A more detailed discussion is given in Chap. XI. 

ALTERNATING-CURRENT VARYING-SPEED MOTORS 

The relation between the speed and the torque of an induction motor 
having a wound secondary with collector rings is shown in Fig. 102. 



Fig. 102.—Typical speed-torque curves of a wound-rotoi induction motor. Obtained by 
varying the resistance of the secondary circuit. 

When the collector rings are short-circuited, the speed of the motor 
decreases very little from no torque to the maximum torque. When this 
torque is exceeded, the speed of the motor drops abruptly and continues to 
decrease until zero speed is reached. If, however, the torque is suffi¬ 
ciently reduced, the motor will again increase in speed until it is very 
close to full speed. The curve shows that there is a maximum torque 
that the motor is capable of exerting and that, if this torque is exceeded, 
the motor will stop. This maximum torque is usually called the “ pull¬ 
out torque” of the motor. The drop in speed from no load to maximum 
load is small and compares with that of the d.c. shunt motor. This drop 
in speed is due to the internal resistance of the motor. 

If resistance is introduced in the secondary circuit of the motor, the 
slope of the speed curve is increased, so that the difference in speed 
between no load and maximum load is considerable, as shown in curve 2. 
Sufficient resistance can be used to bring the speed to zero at the maxi¬ 
mum torque, as shown in curve 3. With a still further increase in 
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resistance of the secondary, curve 4 results. These curves are typical, 
and any particular curve desired can be obtained by adjusting the 
resistance in the secondary circuit of the motor. If a controller is 
arranged for varying the resistance in the secondary of the motor, the 
speed of the motor can be adjusted to any required value at a given 
torque. The speed, however, will change with the torque, and for that 
reason the motor is called a “varying-speed” motor. 

When the motor is started from rest, it may not commence to rotate 
on the first notch of the controller; the operator will, therefore, move 
the controller handle to the second notch to reduce the resistance in the 
secondary. This reduction of resistance will increase the starting torque 



Fig. 103.—Typical &poed-torque curves of a squirrel-cage induction motor. Obtained by 

primary voltage conti ol. 


by changing the shape of the curve up to the point of maximum, as shown 
in curve 3. If the resistance is reduced still further, the current will 
increase, but the torque will decrease, as shown in curves 2 and 1. Hence, 
it will be seen that care must be exercised in starting these motors 
under heavy load, to prevent reducing the resistance in the secondary 
beyond the value for maximum torque. 

The speed of the motor at no load is called the “synchronous” speed. 
When the motor is loaded, the actual speed of the motor is less than the 
synchronous speed. This difference in speed is called the “slip” of the 
motor. The curves show that this slip in speed is dependent upon 
the resistance in the secondary circuit. 

The torque of the motor is proportional to the square of the voltage. 
A reduction of 10 per cent in voltage reduces the torque to 81 per cent of 
its maximum va}ue, or the pull-out torque of the motor is reduced from 
the dotted line B in Fig. 102 to the dotted line A. The speed-torque 
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curve of the motor with short-circuited secondary and 90 per cent normal 
voltage is shown by the dotted curve 5. Thus the output of a crane or a 
hoist is often seriously affected by poor voltage regulation. It may 
happen that when the voltage regulation is poor the motor will fail to 
start its maximum load from rest. 

If the motor is provided with a high-resistance secondary, as shown 
in Fig. 103, curve 1, which is a speed-torque curve similar to curve 3 in 
Fig. 102, the speed of the motor may be regulated by reducing the primary 
voltage, as shown in Fig. 103, curves 2, 3, and 4. This method has 
been employed, but has the disadvantage of giving reduced torques at 
decreased voltages. Usually the motor is required to exert as much 
torque at the slow speed as at the high speed; this method is, therefore, 
seldom used. The method in universal use at present for varying the 
speed of induction motors is to maintain the primary voltage constant 
and change the resistance in the secondary of the motor. 

There are several other methods of controlling the speed of the slip¬ 
ring induction motor, some of which are applicable only to large motors. 
They consist in connecting the slip rings of the motor to some source of 
voltage supply the voltage and frequency of which can be varied. These 
methods of control are not yet in common use (see Chap. XIII). 

ALTERNATING-CURRENT ADJUSTABLE-SPEED MOTOR 

The best known means at present for adjusting the speed of a.c. 
motors is to change the number of poles in the primary. Quite fre¬ 
quently, motors are built having two sets of poles, one set giving high 

r Motor No 1 


Fiu. 104.—Cascade connection of induction motors for speed legulation. 



Motor No 2 



speed and one set slow speed. Usually these motors are provided with 
squirrel-cage secondaries, but slip-ring motors also have been built 
of this type, particularly for elevator and hoist w T ork. The controller 
consists of a double-throw switch or its equivalent for changing the 
connections of the motor primary so as to give the desired number of 
poles. 

Another method, which is equivalent to changing the number of 
poles, consists in connecting two motors in cascade, the secondary of the 
first motor being connected to the primary of the second, as shown in 
Fig. 104. Let us consider that the first motor is wound with six poles 
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and the second motor with four poles. These motors can be connected 
together, so that they have a combined speed equivalent to the sum or 
difference of the poles, which would be a ten-pole or a two-pole speed. 
Either motor can be operated separately as a six-pole or a four-pole 
motor. With this combination it is possible to get a speed equivalent 



MOTOR WINDING DIAGRAMS 

Fig. 105.—Diagram of a two-speed single-Winding squirrel-cage induction motor showing 
the controller contacts. S contacts give slow speed; F contacts give fast speed. 


to two, four, six, and ten poles. It is necessary that both motors be 
mounted upon a common shaft or rigidly coupled together. Arrange¬ 
ments of this kind have been used in a number of cases, particularly with 
large motors. 

A two-speed motor may have two separate windings or a single wind¬ 
ing arranged so it can be connected to give two sets of poles in the ratio 
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of 2 to 1. Three-speed motors usually have two windings. Other speed 
ratios usually require two separate windings. , 

Three-speed motors usually have three separate windings. Four- 
speed motors may have two windings, each group of two giving a 2 to 1 
speed ratio. Many of the smaller machine-tool and fan motors have 
multispeed windings. When stepping back from a higher to a lower 
speed, the motor will regenerate until it reaches the slower speed. This 
gives a sharp reverse torque, which may be guarded against if it is undesir¬ 
able, by opening the circuit until the speed is reduced. Figure 105 
shows a schematic diagram of connections for a two-speed motor. 

In a later chapter other methods of adjusting the speed are described. 



Fig. 106.—Typical speed-torque curves of a polyphase motor that has a single-phase 

secondary winding. 


A special condition of operation exists in the slip-ring type of induc¬ 
tion motor when one phase of the secondary circuit is open. This gives 
a single-phase circuit only in the secondary, and the motor operates at 
approximately half speed over a considerable range of load. The explana¬ 
tion of this is shown in Fig. 106. Curve 1 represents the standard speed- 
torque curve set up by the primary, and curve 2 the speed-torque curve 
of the single-phase secondary. Curve 3 is the resultant of 1 and 2. 
As curve 2 passes through half speed it approaches a hoiizontal position; 
therefore, a slight change in the speed of the motor results in a consider¬ 
able change in torque, which tends to maintain the speed constant at this 
value. If the motor is started from rest and the load is not too heavy, 
it will accelerate to half speed and remain approximately at this speed, 
unless the external torque is less than the value shown by the dotted 
line A. If the torque is less than this value, the motor will continue to 
accelerate on the upper part of curve 3 and approach full speed. After 
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the motor has reached the upper part of curve 3, it will not again be 
brought to half speed unless the primary circuit is first opened, thus 
allowing the motor to drop down below half speed. However, the motor 
will stop if the load exceeds the dotted line B. The value shown by the 
dotted line A depends upon the secondary resistance of the motor and a 
number of other factors. This arrangement of speed control might be 
applicable for fans, where the torque depends largely upon the speed. 



CHAPTER VIII 

CONTROL FOR SPECIAL APPLICATIONS 


Some applications require modifications of standard control to meet 
their particular requirements. A 

few of the more common features fl Q 

of these special-purpose controllers " " » l1 4 * 

are given below in the form of * L I fej I I f®|* 

simplified diagrams. hf 4 1 1 ^ 

'1* m ,l i* ii 

CRANE CONTROL FOR D.C. SERIES } * , ** T 1 

MOTORS |||:; 'fib? * 

During the hoisting cycle, an ± i ] % % 

armature shunt resistor is used for « 

f i ♦ m • n • 

| 1 , 

ii' ii i ■ i * 

A dynamic brake is used in the L ^ U 

Off position. During the lowering ijflj #« X 

cycle the motor operates as a shunt * t ~ “ » ♦ 

machine. With an overhauling ^ # 

load, the motor becomes a gener- * *' * * # i # 

ator and the armature circuit is * I ♦ 1 J \ \ j { 

closed through a resistor, to absorb | I ] I 

the power delivered by the gener- « j* 1 V 

ator. This action is referred to in jf ® 

Chap. IX under Dynamic Braking. 

Figure 108, with the sequence table, V . t * fU" 

shows the General Electric design I I j 1 j J . t J 

arrangement, and Fig. 109 gives | IJ ] / 1 # 

the performance curves. Different 5 y 'I 

manufacturers use modified ar- * * 

rangements but follow the same ■ 
principle, i.e., a series hoist motor I 
and a shunt motor or generator for £ 

lowering. Figure 110 compares ;. 

four different systems. One prob- ,„ T 

, . . , . i.ii. Fig 107 —Westmghouse d c magnetic © 

lem IS to obtain a high lowering tiollei for crane service. 

speed with an empty hook. 

In studying a diagram such as Fig. 108, use the sequence table to 
draw a diagram for each controller notch, as illustrated at the right-hand 

105 
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ELEMENTARY CONNECTIONS 


Dotted connections show 
power type overhotsf 
limit switch circuit 

One 

+law| *%&'£} H.|Lr > ! 


STEP BY STEP POWER 
CONNECTIONS 

Lmeammeter hoisting 

j (tfused) - - 

•MW / n . Comm Ser Ser 

*1^ Mused) +Rfy O-^-w-a-- 


Control switch and fuses ... 


fantocforfyvs&F t Master switch I 

fespSUIfff -g Ufm j I 

1 iHii!!h gSaEiJ 

* i^i |iii %*tfH — 

| » l^«! fff **»«• *{ l j j I ' ~ 

! ! '! 11 [! J'lil! 5 

I 1DB \MSS\ | I | I j I K»»f ff n- 

1 I I I 1 | I I I I I _ 

1 I 'i'll e\ 'M! ; 

| 2DB A«W f 4 t |» < |* g * f * I I - 

I ' Ml jljl I 

I I I I I | | I , | 

1A <l- r | I | T*T | - - 

| ZA | mss' Ul | M i|-‘ 

i 111111 11 ji; i 

I grw'tmA if f U 1 <a. r 

I * 4 4 i * 4 » +4—® 

- Indicates master swtch contacts Cia5ed 1 j—r- 
\anjfcontacforswr£tz^on/Mnt^stoM _J L 


UV OL1 0L2 
_IKfi-U:_ 


s Capaafor\ 


OFF POS / T/ON 
Comm Ser 
Arm, fid fid 

c£p 

L O WERIN6 
Ser Ser 
IL fid brake 


Comm'■Arm 
2L fjd 


2FW CR 

r^r- 


Contactor sequence table 
handle i M Lower 

t M mm i s. n*MM 

h_x x x x x x x x x x 


+1 _ - v 

I* r„ k < t-—- 


o H x x x X x 
C IDB _ 


2DB _>< 

1A x 2< x x_ 


1 T*l x l *T*rM 

xTxJxTx] 1 I j] 


-ft* lunJir" The ^ovepower connections 

— tf/r obtained on the various 

~ 3 fw~ xxxxxxxxxr /?o//7/r G/v/fe master switch 
lx Indicates contactors closed hoist and lower The circuits 

* shown solid are both hand 

as well as automatic points 
Circuits 4AL and4BL,shown 
dotted, are automatic 
accelerating points only 

Fig. 108. —General Electric oonti ol diagram for a d.c crane controller. 
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side of the diagram, omitting the switches and the resistor sections not 
used. This will quickly show you the sequence of the control operations 
and the way they work. 

When a.c. motors are used for cranes and hoists, they require a 
mechanical load brake to absorb the energy when the load is lowered. 
This brake requires the motor to deliver some positive torque to assist 

SPEED TORQUE MOTOR 
CHARACTERISTIC CURVES 

Curves IH.2H,3H,4Hand5ff 
illustrate motor characteristics 
for the five positions of the 
master switch hoist 

Curves 1L2 L.3L.4 L and5-L 
illustrate motor characteristics 
for the five positions of the 
master switch lower Curves4-AL 
and 4 BL are automatic 
acceleratmq points only 

* * Curve 5 L shows speed obtained 
on point five lower when total 
resistance furnished for section 
R 2 Rj is used The speed obtained 
on this point can be decreased to 
that as sho wn by cur ve 5 L** 
by connecting on/yha/f of 
resistor section R 2 Rj m the circuits 

* The torque values shown tor 
lowering light hook or rated load 
are approximate only since 
actual values depend upon the 
mechanical efficiency ofthe crane 

An additional automatic 
accelerating point /s provided 
both hoist and tower on the 
CR4422HWP-600sue 
panel when used to control 
motors above UOhp 


* Approximately only‘depends on 
mechanical efficiency of crane 

Fig 109 —General Electric performance curves of a d.c. crane motor using the controller 

in Fig. 108. 

the load in unwinding the drum so that the speed can be readily con¬ 
trolled. If the motor secondary is connected single phase on the first 
controller notch, the starting torque will be about one-half of that 
obtained with a three-phase secondary of the same resistance. 

Figure 95 shows a controller diagram suitable for a crane or a hoist 
using a wound-rotor a.c. motor. 

Figure 97 shows the speed-torque curves of a wound-rotor a.c. induc¬ 
tion motor. 
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Senes 

field Brake 



Field Brake 



General Electric system. The armature is reversed. 



Cutler-Hammer bystem. The armature is reversed. 




Electric controller and Manufacturing Company’s system. The armature is reversed. 


Fig. 110.—The connections on the first controller notch used by four controller com¬ 
panies (1943). The resistors are changed for the other controller notches to get higher 
speeds. Each arrangement differs from the others in a few details. 
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PUMP CONTROLLERS 


Pump controllers are ordinary starters actuated by a special master 
switch, such as a pressure gauge or a float. Speed control, if it is required, 
can be obtained in any of the usual ways. 

The starting and stopping of an air compressor by a pressure switch 
or of a fan by a thermostat is accomplished in the same way. 

Small pumps driven by squirrel-cage motors can be started by con¬ 
necting the motor directly to the line. Only a primary switch is required. 
Large motors may use an autostarter, when they are started and stopped 
infrequently. For frequent starting and stopping, a slip-ring motor or a 
compound d.c. motor should be used. For d.c. service, the compound- 
wound motor gives the best results for either centrifugal or plunger 
pumps. For the two latter types of motors, an ordinary nonreversing 
rheostatic control is used, consisting of a line switch for connecting the 
motor to the circuit, and one or more contactors for short-circuiting the 
starting resistor. The line switch is usually provided with an overload 
relay or, if the control is manually operated, 
the line switch may be an ordinary circuit 
breaker. Low voltage release is usually sup- 1* m m 

plied with automatic control, as it is desirable jL " 

to have the motor start automatically upon fk 

reestablishment of the power circuit after an 1 ♦ 

interruption. The master switch may con- 0 S 

sist of a push button or, where speed regula¬ 
tion is desirable, a drum-type master switch " r 

can be used. It is usual, however, to start 
and stop pumps automatically. The auto- , r , 

matic means may be actuated by pressure or s * X 

by the height of the water in the reservoir or -c- : « 

tank; the latter is known as a “float switch.” _ ^ 

Pressure Regulators. —Two general forms ™ ® > * 

of pressure regulators are used, the Bourdon 2 ^ 

gauge and the diaphragm type. The gauge ' wr o - 

type consists of the ordinary indicating press¬ 
ure gauge with a contact make-and-break 
device attached to the indicating needle. 

Some modifications in the standard gauge phragm type, 
are required for the addition of this contact 

device. In order to reduce the arcing at the contact points, a relay is 
used. This relay is connected so that, when it closes, it bridges the low- 
pressure contact on the pressure gauge and prevents an arc at this 
contact when the gauge needle moves to a higher pressure. The high- 
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pressure contact is arranged for short-circuiting the coil of this relay, 
which immediately opens the relay and at the same time opens the circuit 
through the gauge contact. When a resistance is placed in series with 
the relay coil, this short-circuiting can take place without danger of 
excessive current. 

The diaphragm regulator consists of a metal diaphragm having 


pressure on one side and a weight 
or spring on the opposite side (see 
Fig. 111). The diaphragm is raised 
or lowered, with variations in the 
water pressure. This movement of 
the diaphragm mechanism closes or 
opens the contacts of the master 
switch. The diaphragm regulator 



Ticj 112 —Cutlei-Hammer float switch 



.Fig 113—Cutle!-Hammei multipoint 
float switch. 


ordinarily does not require a relay, as the contacts are large enough to 
take care of the control circuit of an ordinary-sized contactor. 

When a pressure regulator is used with a positive-acting pump, it 
should not be connected directly to the pump delivery, as the pulsations 
cause the regulator to open and close the contacts in rapid succession 
and give very poor results. Usually, the pump delivers to a pressure 
tank or standpipe, and the pressure regulator can be connected to the 
tank or standpipe. Where the pump delivery is long and it is not con¬ 
venient to cggjiect the pressure regulator in this way, special precautions 
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should be taken to prevent the regulator from being oscillated by the 
pulsation in the pump delivery. 

Float Switch. —The master switch of the float type consists of a small 
contact that is opened or closed according to a difference in the level 



Counter- 


Field 

rheostat 


\Shunt field 


Float 


when used 


Fig. 114.—Connections of a two-point d.c. automatic-pump controller operated by a float 

switch. 


of the water in the tank or reservoir. One form of this switch is shown 
in Fig. 112 and another in Fig. 113. The contacts are provided with a 
quick make-and-break arrangement, so that the slow movement of the 
float does not cause arcing. This float switch is connected to the pilot 


-i ifiakf* 


Pressure gauge 
(Front view) 

j 

\ Contact 20 



, Series field . 

/fj vty i 


Starting 

resistor 


"Contact 21 


Field rheostat \Shunt field 
when used 


Fig. 115.—Connections of a two-point d.c. automatic-pump controller operated by a 

pressure gauge. 


wiring of the controller and serves to start and stop the motor according to 
variation in the water level. If this float switch is used in a reservoir 
where large waves are likely to occur, it should be mounted in an enclosed 
compartment to protect it from the wash. 
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ELEVATOR PUMPS 

Elevator service is a special application. Hydraulic elevators are 
usually operated in banks comprising several elevators connected to 
a single pressure tank. The elevators discharge into an open tank and 
the pump takes the water from the open tank and delivers it to the 
pressure tank. For large installations, several pumps are used. The 

SCHEME OF MAIN To three-phase line 



Fig. 116.—Connections of an automatic autostarter for a squirrel-cage pump motor 
operated by a pressure gauge. 


pumps are controlled by pressure regulators which start and stop 
the pump for variations in pressure. During some portions of the day, 
the pump is operated at infrequent intervals, as the elevator service 
is light. At other times, particularly the noon hour and the closing 
hour in the evening, office-building elevator pumps are started and 
stopped frequently, sometimes two or three times a minute, and this 
entails a considerable shock upon the system. One method of overcom¬ 
ing this difficulty is to slow the pump down, rather than to stop it, when 
the pressure reaches a predetermined value. If a positive-acting pump 
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is used, considerable power may be lost by such an arrangement, as the 
water pumped is directly proportional to the speed of the pump. To 
reduce the output one-half, the pump must operate at half speed, which 



Tig 117.—Arrangement foi opeiating a float switch. 
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Fia. 118.—Typical capacity and horsepower curves of a centrifugal pump showing the 
effect of a 10 per cent speed variation. 


causes a loss in resistance equal to half the electric power delivered to the 
motor. If centrifugal pumps are used and designed for this service, a 
small change in speed will make a large change in water delivery. The 
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curves in Fig. 118 represent the gallons of water delivered by a typical 
pump with reference to the speed of the pump. This shows that a small 
reduction in speed makes a large difference in the output and that, there¬ 
fore, by the insertion of a small amount of resistance in the motor circuit, 


- To controller of motor No. 2 
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Fig. 119.—Connections of a wound-secondary induction motor for a large elevator pump. 


the output of the pump can be materially decreased with only a small 
loss in the resistance. Assuming a 10 per cent reduction in speed, 
only 10 per cent of the input of the motor will be wasted as heat in the 
resistance. 
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MACHINE TOOLS 

Machine tools use either reversing or nonreversing general-purpose 
starters. Some have a dynamic brake for stopping and, sometimes/a 
drift point on the controller, to kefep the brake circuit open. Typical 
diagrams are shown in Figs. 121-126. 



Fig. 120. Wchtinghou.se drum controller foi machine-tool service. 
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Fig. 121.—Connections of nonreversing machine-tool controller panel. 


PRINTING PRESS 

A printing press requires a very slow speed for make-up and for 
feeding the paper through the. press. One method for getting this slow 
speed is to use a small motor for operation during the make-up period. 
The diagrams show a simple type of this control (see Figs. 127 and 128). 
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Fig. 122.—Connections of nomeveismg machine-tool panel with a dynamic biake. 
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Fig 123.—Nonreversing machine-tool conti oiler with the addition of a dnft-pomt 
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Fig. 125 —Connections of reversing-control panel with a dynamic braJce. 
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MINE LOCOMOTIVES 

Mine locomotives may be operated by storage batteries. The dia¬ 
gram in Fig. 129 shows a typical control scheme for two series motors. 
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Fit*. 126.—Connections of a reversing-control panel with addition of drift-point contactor. 
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Fig. 127.—Printing-press control for operation over a wide range of speeds. 



Fig. 128.—Printing-press control for a.c. motors. 


Trucks and other vehicles operated by storage batteries use similar 
control. Control for single motors is much simpler. 


OTHER SPECIAL CONTROL EQUIPMENT 

Water Rheostats. —A water rheostat of any kind is a special-purpose 
controller. Although it is usually not very popular, it has some very 
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desirable features. These rheostats differ so widely in design that no 
attempt has been made to cover them extensively in this book. Figures 
158, 159, and 245 illustrate two types. 




The water rheostats will carry heavy overloads, because the heat 
is absorbed by vaporizing some of the water. They are used for field 
testing and emergency repairs because they can be constructed quickly 
from water barrels or other available tanks, using iron plates for elec- 
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trodes. The following information may be useful in approximating the 
size of a temporary rheostat. * 

The current density on the plates or electrodes should not exceed 
5 amp. per sq. in. of surface. Higher values will cause vapor bubbles 
to form on the electrodes, reducing their effective area and causing steam' 



Fig HO —Cutler-Hammer control panel for a d c steel-mill motor. 


ing; then the current will fluctuate Provide 1-in. separation of plates 
for each 100 volts between plates The resistance will depend upon the 
density of the solution. 

The electrolyte is made of a solution of sodium carbonate (Na 2 CC> 3 ), 
using as pure water as is obtainable. Sodium carbonate is obtainable 
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commercially in two forms, sal soda and soda ash, the difference between 
these two being in the amount of water of crystallization that they 



Fig. 131. —General Electric cam-operated master switch for steel-mill service. 



~4P 


. * ✓ 

Fig. 132. —General Electric treadle-opei ated watertight push button. 


contain. Sal soda contains approximately 35 per cent to 40 per cent of 
sodium carbonate (Na2C0 3 ) while soda ash contains from 95 per cent to 
99 per cent of Na 2 C0 8 . 
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Add ^ to 1 lb. soda ash to 100 lb. water. If it is found that the current 
should be larger, more soda should be added. After a 3 per cent solution 
of sodium carbonate is obtained, further addition of this material will 
only slightly affect the resistance. The largest variations of resistance 
are obtained between 0 and 1 per cent solution. 

The operating temperature of the electrolyte should not exceed 
160°F. It may be necessary to provide cooling coils to keep the temper¬ 
ature down; 5 to 6 gal. per hp. hr. absorbed by the electrolite will probably 



Fig. 133. —Track-limit switch built by the Clark Controller Company. The contacts 
are double break, silver to silver. They can be changed from normally open to normally 
closed and either single or double pole can be used. The operating arms are malleable iron, 
cadmium plated, and by means of a holding bolt may be adjusted with respect to the shaft 
m any required position for operation. 


be enough. The horsepower-hours can be determined from the complete 
load cycle by the following formula: 

HP = horsepower of motor. 
a = full-load torque. 
b = starting torque. 
c = starting time in minutes. 
d = number of starts per hour. 

e = regulating torque or torque when running at reduced speed. 

/ = per cent speed reduction. 

g = number of minutes per hour during which speed regulation is 
required. 

Then the horsepower-hours absorbed equals 




Xv JL'* 

100 A 100/ 


Auxiliary Switches. —Such auxiliary switches as over-speed switches, 
limit switches, friction switches, bearing thermostats, and many others 
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which are available, are necessary for some applications. Thiey open 
the control circuit usually to guard against accident. Details are to be 
found in commercial publications. 

A number of special applications of motor drive are given in some 
detail in “Electric Motors in Industry,” by D. R. Shoults and C. J. Rife . 1 
The principal electric manufacturers have special publications covering 
electric power in different industries. 

Control equipment is so flexible that it can be applied to any motor 
drive when the operating conditions are definitely known. Experience is 
continually improving the automatic features of these special controllers. 

1 Shoults, D. It., and ('. J. Pike, “Electric Motors in Industry,” Chaps. IX-X1, 
John Wiley & Sons, Inc., New York. 



CHAPTER IX 

MECHANICAL AND DYNAMIC BRAKING 


The previous chapters have dealt with methods of accelerating the 
motor from rest to full speed. In this chapter w T e shall discuss means 
of stopping the motor, commonly called “ braking.” The two general 
methods employed are (1) friction braking and (2) dynamic braking. 

i FRICTION BRAKING 

The Magnet Brake. —The type of friction brake usually employed for 
electric motors is known as a “magnet brake.” It consists of a friction 
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member held against the brake wheel by a spring or a weight and released 
by a magnet. The various commercial designs of this brake are shown 
in Figs. 134, 136-137, and 139-141. The releasing magnet may be 
designed for either direct current or alternating current. The a.c. mag¬ 
nets are always shunt wound. The d.c. magnets may be series, shunt, or 
compound wound, depending on the application. Most d.c. magnet 
brakes are wound with series coils. The heating characteristics of these 
coils should be the same as the series coils of the motor with which they 
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are used. The most common applications for these series-wound brakes 
are cranes and hoists. The coil is connected in series with the motor 
armature and releases the brake shoes as soon as current is supplied to the 
motor. The shunt-wound brake is applied to elevators and a few other 
applications where the load on the motor varies over a wide range. 

The a.c. magnet brake is always provided with a shunt coil. This 
coil may be connected across two of the primary circuits of a wound¬ 
secondary induction motor so that it will release whenever the motor 
primary is energized. This arrangement cannot be applied to squirrel- 
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Fig. 135.—Alternating current magnet for releasing brake Fig. 134. 


cage motors if reduced voltage is used in starting. In this case, a separate 
switch is required for the brake coil. 

A mathematical discussion of the stored energy of a rotating body 
such as a motor armature or a moving load such as a hoist can be found 
in ally textbook of mechanics. 1 

The design of a magnet brake may seem to be a simple one. In 
practice it has been found difficult to make a brake embodying all the 
desirable features. A brief discussion of some of the elements entering 
into this design will be of interest. 

The Brake Shoes .—Experience has shown that the shoe type of brake 
is the design best adapted for general applications. The brake shoes are 

1 A concise explanation of these formulas is given by E. M. Bouton in his article 
on the braking of electric motors, Elec. J. } May, 1918, p. 168. 
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provided with a lining that can be renewed from time to time. This 
lining should have a constant coefficient of friction over a wide range of 
speed and should not be affected by moisture or by a small amount of 
oil that might get on the brake wheel. This lining should be a good 
conductor of heat and the coefficient of friction should not be seriously 
affected by any operating temperature. The best form of brake lining 
now available consists of asbestos and rubber interwoven with copper 
wires. This lining is usually riveted to a cast-iron shoe, the whole shoe 
being removable in order that the lining may be replaced. 


JL t 



I ig 136 Westmghouse shoe type of magnet brake 

The Brake Wheel —The diameter of the brake wheel should be kept 
small in order to reduce its stored energy and to keep the fiber stresses 
in the rim within safe limits The stored energy represents a direct loss, 
as the brake must absorb this energy in addition to stopping the motor 
armature and load. The outer fiber stress enters as a factor in wheels of 
large diameter and in some cases makes it necessary to use steel wheels. 
The series motors with which these brakes are used are guaranteed to 
operate at a speed considerably above normal without mechanical injury 
to the armature. The brakes used with these motors must have the 
wheels so designed that there will be no danger of bursting when they are 
operating at the maximum guaranteed speed of the motor. 

Another limitation in the size of the brake wheel is the distance 
between the motor shaft and the motor feet. When they are separately 
mounted, it is desirable to have the brake wheel small enough to permit 
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mounting the brake on the same foundation level as the motor. Brakes 
that are attached to the motor should have their mechanical parts 
designed so that they will clear this foundation line. 

These limitations fix the maximum diameter and weight of the brake 
wheel. On the other hand, the larger the diameter of the brake wheel, the 
greater the torque exerted with a given pull on the magnet. The torque 
of a brake is equal to the force exerted by the brake shoes multiplied by 
the radius of the wheel. Its value is usually expressed in foot-pounds, the 
diameter of the wheel being given in feet. The force exerted by the 
brake shoes is equal to the area of the shoe times the pressure per square 
inch permissible, with a given lining. If we select a working pressure 
per square inch with a brake-shoe lining that will give reasonable wear, 



Fig. 137.—Electric Controller and Manufacturing Company’s d c magnet shoe brake. 

and have determined the maximum diameter of wheel that can be used, 
we can then obtain the width of the shoe. It is found in practice that the 
percentage of brake-wheel surface covered by the shoe remains constant 
and that the width of the brake shoe may be assumed to have a definite 
relation to the diameter of the wheel. Assuming a definite ratio for these 
values and a fixed working pressure per square inch for the lining, we 
obtain the curve shown in Fig. 138 which gives the relation between the 
torque and the brake-wheel diameter corresponding to these design 
limitations. 

Adjustment for Wear .—As the brake lining wears down, means should 
be provided for adjusting the shoes so that the clearance between the 
brake wheel and the shoes is kept within small limits, in order that the 
magnet may release them. This adjustment should be so arranged that, 
if neglected, the brake shoes will always set firmly against the wheel and 
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the gap between the armature and the core of the magnet will be gradu¬ 
ally increased. If this continues without attention, in time the magnet 
will fail to release the brake. This condition will be apparent in the 
operation of the equipment and will, therefore* get attention. In no 
case should the design of the brake be such that the brake shoe will 
fail to set against the wheel. 

The Magnet .—Two types of magnets are available for brakes, the 
armature type and the plunger type. Theoretically, the plunger type is 
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Torque at one foot radius 

Fia. 138.—The relationship between the torque and the wheel diameter. 


the more efficient, but the selection of the type of magnet depends 
upon the general design of the brake and its application. 

Magnet coils can now be impregnated and treated to make them 
moisture resisting to a very high degree, so that an open coil is satis¬ 
factory for most installations. Where this coil is exposed directly to 
the weather or is intended for use on shipboard, a totally enclosed magnet 
should be used. 

The size of the magnet is determined by the pull required to release 
the brake shoes with the maximum air gap in the magnetic circuit. At 
this point most of the ampere turns are used to overcome the reluctance 
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in the air gap, so that the iron used for d.c. magnet frames can be selected 
on the basis of its cost rather than on that of its magnetic properties. 
Care should be taken in the design of the magnetic circuit to reduce the 
leakage paths to a minimum, and to prevent the iron core from becoming 
saturated, which reduces the pull. 

A magnet should be large enough to release the brake shoes quickly. 
When it is series wound, the brake coil is usually designed to release the 
magnet at 40 per cent of the rated load of the motor and to hold the 
magnet in the closed position as low as 10 per cent of the rated load of 

the motor. Series windings on d.c. 
magnets have the following several 
advantages: 

* 1 They can be connected in senes with 

the motor armature, reducing complications 
in wiring. 

2 The coils have low inductance and, 
therefore, act quickly. 

3 Should the series motor overspeed, it 
will reduce the current to a low value and 
allow the brake magnet to set, thus reducing 
the liability of a runaway 

4. In case the armature circuit of the 
motor should be accidentally opened, the 
brake will set This is of particular advan¬ 
tage in lowering loads 

5 The voltage between turns is so low 
that an insulation breakdown seldom occurs 
and insulating material can be used having 
high heat-resisting qualities. 

When a shunt winding is required 

- for a d.c. brake, it is advisable to design 

Iig 139. Cutler-Hammei vertically this winding for a relatively low voltage 
mounted magnet brake , . . . . 

and use a resistance m series with it. 
In most cases a shunt resistance will also be required to take the 
discharge. The fewer the turns on a shunt coil, the more quickly it 
will act. 

The a.c. magnet presents sonie additional problems. The iron 
structure must be laminated to prevent eddy-cuirent loss and the pole 
face must be provided with shading coils to reduce the noise and eliminate 
vibration. The a.c. flux passes through zero twice every cycle; there¬ 
fore, the magnetism will also pass through zero the same number of 
times. In order to prevent the magnet armature from releasing each 
time the current passes thi ough zero, shading coils, consisting of a copper 
or brass strap, are placed around a portion of each pole face. These 
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coils cause the magnetic flux in the area surrounded by the coil to lag 
behind the flux in the other part of the circuit, so that there is always 
s uffi cient flux to hold the armature firmly against the pole face (Fig. 136). 

.,,*j *•> 



1 ig 140 Cutler-Hammer horizontally mounted magnet biake. 

Alternating-current brake magnets of the smaller sizes are wound 
single phase, but the larger sizes are sometimes wound polyphase. The 
cuilent taken by the magnet with the armature gap open is considerable, 



4. t 


Fig 141 —General Electric three-shoe magnet brake. 

and it may be desirable to use a polyphase winding to distribute the load 
betweei the phases when larger sized magnets are used. 

Mechanical Parts —The brake structure supporting the magnet and 
the shoes is very frequently made of cast steel in order to give it the proper 
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strength. Stresses set up on portions of this structure are quite severe 
and are suddenly applied, so that care must be taken in the design of the 
parts. When the brake magnet releases the armature, a spring or 
weight forces the shoes against the brake wheel. The shoes travel only 
a very short distance, but some of the brake levers have more travel 
and store up considerable energy. This kinetic energy increases the 
pressure of the brake shoes against the wheel and may cause the brake 
shoes to exert enough torque to twist off the motor shaft. In order to 
avoid this, the brake lever attached to the magnet armature or core is 
usually arranged with a lost motion, so that it can overtravel without 
exerting pressure against the brake shoes. Springs are preferable for 
applying the brake shoes as they have little inertia. Where a weight is 
used, it should have a dashpot to control its action or some form of spring 
should be used to cushion the blow. 

The size of the magnet is fixed by the pull required and the air gap 
through which the armature travels. In order to keep the design of these 
magnets down to a reasonable size, the brake shoes are given very little 
clearance when they are released. The magnet structure must therefore 
be very rigid so that there is little or no deflection in these parts; other¬ 
wise, the magnet does work in deflecting these parts before it releases the 
shoes, and the design is very inefficient. 

DYNAMIC BRAKING 

If a motor is driven by the load and its field remains excited, it will 
generate a voltage which, if high enough, will return energy to the line. 
The motor in this case becomes a generator and does work in holding 
the load. Such an arrangement is useful only where the motor is driven 
at a high speed. If it is desired to stop the motor, this generator action 
can be used by connecting a resistor across the motor terminals, reducing 
it gradually, if necessary, to bring the motor to rest. This method of 
stopping a motor is known as “dynamic braking.” It is used very exten¬ 
sively for hoists and other moving loads that must be frequently stopped. 
The extra duty of generating the braking current increases the heating 
in the motor armature and must be taken into account in selecting the 
motor. This method does not use friction surfaces and there are there¬ 
fore no parts to wear out. It is yery useful in reducing the speed of 
the motor to a low value, so that a friction brake is required only to stop 
the motor from the low speed and to hold the load stationary. 

When a field rheostat is used to adjust the motor speed, it can be 
short-circuited during dynamic braking, to build up the field strength 
while the armature is slowing down and maintain the braking* current 
at a higher value. This brings the motor to a slower speed before the 
friction brake is applied. The dynamic brake resistor across the arma- 
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ture, if desirable, can be provided with taps and means for short-circuit¬ 
ing it in steps, to maintain the braking current at a high value. The 
control is the reverse of acceleration. 

Series 

4 


Fig. 142.—Crane controller diagram showing dynamic-brake lowering of load with a series 

motor. 



A series motor can be connected so that it operates as a shunt gen¬ 
erator in lowering loads on hoists and for other similar applications. 
Figure 142 shows one method of doing this. The motor is started in the 
down direction as a shunt motor with an armature-series resistor and a 



Fig. 143.—Dynamic braking of a 4:1 adjustable-speed d.c. motor. 


resistor in series with the field connecting it across the line. When the 
load overhauls, the motor becomes a shunt generator and can have its 
speed increased by inserting resistance in the circuit. No. 14 is first 
opened to increase speed; then Nos. 13, 12, and 11 open in succession, to 
give further speed increase. When there is no load on the hook, the 
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motor again operates as a shunt motor to lower the hook. This has been 
more fully explained under the subject of crane control in Chap. VIII. 

An interesting application of dynamic braking is illustrated in Fig. 
143, in connection with an adjustable-speed d.c. motor. This motor 
has a 4 to 1 adjustable-speed range and very little energy is required 
to stop it from the low-speed position. When it is operating at a higher 
speed, the motor field is connected for its maximum value at the time 
the dynamic-brake circuit is established. This causes the motor field 
to build up while the armature speed is being reduced. At first this 
increases the voltage of the motor terminals, causing an increased 
dynamic braking torque. As the speed is further reduced, this voltage 
decreases rapidly. A relatively quick stop results without changing the 
value of the dynamic-brake resistance. 

Dynamic braking should be used whenever it is necessary to stop the 
motor quickly. It is more economical than a friction brake and requires 
less attention. 

Plugging.—When a motor is running in one direction and is quickly 
reversed, the action is termed “plugging.” It is usually done to stop 
the motor quickly. The control should be designed for this action, to 
prevent damage to the motor or to driven machinery. The effect on the 
motor is different for d.c. shunt and series motors and for a.c. induction 
motors. The field flux of the d.c. shunt motor remains substantially 
constant and its counter e.m.f. is added to the line voltage when the 
armature connections are reversed. Additional armature resistance is 
added to the starting resistance to limit the current to the same value as 
it had at starting. This means adding about 85 per cent more ohms. 
The plugging resistor should be automatically short-circuited wdien the 
motor is started from rest; this can be done by using a relay responsive 
to zero armature voltage and in other ways. 

The field flux of the d.c. series motor is proportional to the armature 
current and would increase when the motor is plugged, unless the current 
was limited by additional resistance. An increase in field flux, if it is 
permitted, will increase the armature voltage that is added to the line 
volts and thus increase the current up to the saturation point of the iron 
in the field circuit. It is, therefore, more important to control the plug¬ 
ging current in a series motor than in a shunt motor. A compound 
motor might have its series turns oppose the shunt-field turns and thus 
reduce the plugging current. 

The energy required to stop the motor during plugging is usually the 
mechanical energy stored in the motor armature and the driven load. 
The plugging resistor can be short-circuited in more than one step if it is 
desirable to have the motor stop more quickly. Usually the reverse 
connections exert sufficient torque for this purpose. 
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When plugging is used only for stopping, automatic means, such as 
the zero-speed switch, must be provided to open the primary connections 
when zero speed is reached. The wound-secondary motor can have its 
secondary resistance adjusted during plugging, to control both the torque 
and the current. The secondary voltage is almost double, and it should 
be insulated for this condition. 

Applications. —In applying a brake to a motor, advantage can be 
taken of the friction in the machinery. In starting a load, the motor 
must overcome both the load torque and the friction in the machinery. 
In stopping this load, the friction of the machinery assists the brake. To 
illustrate, let us assume a hoist having 80 per cent efficiency. If the 
torque required to accelerate the load is represented as 100 per cent, the 
torque required to stop the load in the same length of time would be 
represented as 64 per cent. In order to provide a reasonable factor of 
safety, the friction brakes should be selected having a torque equal to the 
full-load torque of the motor. This assumption is based on the fact 
that many motors used on hoists and similar applications exert more than 
their full-load torque during the accelerating period and therefore the 
brake should have full-load torque in order to provide a margin of safety. 

If a friction brake is used to lower a load any considerable distance, the 
energy required to maintain a fixed speed must be absorbed by the brake. 
This means that a great deal of energy will be absorbed by the brake and 
must be radiated from it. The size of the brake for such an appli¬ 
cation would be fixed not by the torque but by its ability to radiate 
energy. Steam hoists that use a lowering brake have a much larger brake 
than is common to motor applications. A comparison of this kind illus¬ 
trates the advantages of using dynamic braking for lowering the load and 
employing a friction brake only for making the final stop and for holding 
the load. Dynamic braking adds to the average heating load on the 
motor. 



CHAPTER X 


REGENERATION 

The term “regeneration” is usually applied to a system of motor 
drive vhere the load exerts a negative torque and drives the motor as 
a generator, returning power to the system. It is similar to dynamic 
braking where the motor delivers power to a resistor, which transforms 
the energy into heat. A system using regeneration must have sufficient 
positive load to absorb all the energy delivered, or else a resistor should 
be arranged to absorb the surplus energy. 

When regeneration is used fur lowering a load, such as the cage of 
a hoist or a railroad train going downgrade, the retarding torque will 
be lost if the circuit is open. It is necessary, therefore, to provide pro¬ 
tective devices to hold the load by mechanical braking should the electric 
circuit become disconnected. 

In order to obtain regeneration, the induced voltage of the motor or 
motors must be in excess of the voltage at which power is delivered, or, to 
state it in another way, the motors driven as generators will deliver power 
to the line only if their voltage is in excess of the voltage at which the 
positive load is operating. Regeneration may be obtained from motors 
with shunt characteristics by operating them above their normal speed. 
For instance, an induction motor or a d.c. shunt motor when lowering 
a load will return power to the line and hold the load at a constant speed 
slightly in excess of the normal full speed of these motors. Reduced 
speeds can be obtained by increasing the field strength of a d.c. motor 
so that the required voltage will still be generated when the motor is 
operated below the maximum running speed. Several d.c. motors may 
be connected in series or in parallel combinations; or, in the case of an 
induction motor, the number of poles may be changed. 

The regenerative system must provide for inherent current regulation 
so that the machines will quickly adapt themselves to any sudden drop 
in line voltage. This is usually taken care of by automatically changing 
the field strength of the motors. The line voltage may change too quickly 
to permit control apparatus to insert armature resistance to protect the 
motpr. 

Regeneration may be used to maintain the load at the maximum 
operating speed, or it may be used to reduce the speed so that part of 
the energy stored in the moving load will be returned to the line. The 
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stored energy is proportional to the square of the speed, so that a reduc¬ 
tion in speed to one-half of the maximum would mean absorbing three- 
fourths of the stored energy. If the speed is reduced to 20 per cent of the 
maximum before the final stop is made with friction brakes, only 4 per 
cent of the stored energy will be wasted. 

There are many examples of regeneration with shunt d.c. motors 
or induction motors, such as hoists, elevators, etc. A notable example 
is that of freight locomotives using induction motors and regenerating 
when taking a train downgrade. The inherent characteristic of these 
motors is such that regeneration is obtained with little or no additional 
complication. 

Where it is desirable to make a material reduction in the speed by 
means of regeneration, additional features are necessary in designing the 
equipment. There are a number of different schemes for obtaining 
regeneration, but for purposes of simplicity they will be grouped under 
two main headings: (1) field control and (2) voltage control. 

FIELD CONTRpL 

In its simplest form, this control consists of a d.c. shunt motor con¬ 
trolled by varying the strength of the shunt field. This is illustrated 

diagrammatically in Fig. 145. Commercial 
motors of this type can be obtained with a 
speed range of 4 to 1. Such a motor can 
have its speed on regeneration varied in 
approximately this ratio. When it is oper¬ 
ating at its maximum speed on a weak 
field, the field can be strengthened so that 
approximately 80 per cent of the stored 
energy of the load is returned to the line. 

Modifications of this scheme are shown in Figs. 146 and 147. In 
Fig. 146 the field is excited from a storage battery, and is therefore inde¬ 
pendent of the line voltage. Figure 147 shows the field energized from an 




Fig. 145.—Field-control icgeiieia- 
tion—scheme 1. 



exciter. The field of the exciter is connected to the line and is, there¬ 
fore, affected by variations in line voltage. If the exciter were self- 
excited, it would be independent of the line voltage, provided that it were 
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maintained at a uniform speed. This exciter may be operated by a 
motor connected to the line with shunt, series, or compound wind*- 
ing, or it may be driven by the main motor through suitable gearing. 
If it is located on a vehicle, it may be driven by one of the axles. When 
schemes of control are shown involving an exciter, it will be assumed 
that the exciter may be driven by any one of the above methods. Each 
arrangement has its advantages; the method used must be selected for 
the particular application. If all the various schemes for regenerative 



Fig. 148.—Field-con ti ol regeneration — 
scheme 4. 


Fig. 149.—Held-control regeneration— 

scheme 5. 


control were shown, together with the various methods of driving the 
exciter, the subject matter would be complicated and difficult to follow. 

The scheme shown in Fig. 145 is limited to a shunt motor. In the 
scheme in Fig. 146 or Fig. 147, the motor may be either shunt or series. 

The three schemes just considered do not provide means for inherent 
regulation to protect the motor from overloads caused by a sudden drop 
in line voltage. Figure 148 is the same'as Fig. 145, with the exception 
that the motor has a double winding, the series winding B opposing the 
shunt winding A and weakening the field strength on overloads. A drop 



Fig. 150.—Field-control regeneration—feohemo 6. 


in the line voltage will increase the motor current, and the strength of the 
compound winding, which opposes the shunt winding, will cause a reduc¬ 
tion in the field strength, which in turn reduces the e.m.f. of the motor 
and maintains the current at a normal value. This regulating action, 
while inherently in the proper direction, will ordinarily be too slow, on 
account of the inductive effect of the shunt-field winding. 

The field A may be energized from a storage battery, Fig. 149, or 
from a separate exciter, Fig. 150. If it is energized from a storage 
battery, the windings may be either shunt or series. If it is series- 
wound, the inductive effect is relatively small and the regulating char- 
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acteristics will change the field strength fast enough to prevent abnormal 
rises in current. The use of the battery makes the field strength inde¬ 
pendent of the line voltage. The arrangement of Fig. 150 is usually 
applied to a series motor and is dependent upon the line voltage, the 
fields of the exciter in this case being connected across the line. If 
these fields were self-excited, a different set of characteristics would be 
obtained. Where the field strength is affected by the line voltage, as in 
Figs. 148 and 150, a drop in line voltage tends to reduce the field strength 



Fig. 151.—Field-control regeneration - scheme 7. 


in itself, in addition to the action of the differential compound winding B. 
The arrangement in Fig. 149 depends entirely upon the differential 
winding B for its inherent regulation. 

It is desirable to make the main motor as simple as possible and not 
to interfere with its use in motoring. For this reason, it is better to put 
the compound winding on the fields of the exciter than on the main 
motor. The arrangement shown in Fig. 151 is similar to that in Fig. 150, 
the difference being that the compound winding B , which decreases the 
motor-field strength on overloads, is on the exciter field and not on the 
motor field. 




Fig. 152.—Field-control regeneration- 
scheme 8. 



Fig. 153.—Field-control re¬ 
generation—scheme 9. 


Other arrangements for limiting the current when a decrease in line 
voltage takes place are shown in Figs. 152 and 153. The main motor 
field is connected in series with the exciter and in shunt with a small 
amount of resistance. The voltage on the field is equal to the voltage 
of the exciter minus the voltage drop caused by the current flowing 
through the series resistor. If the line current increases, the drop 
through this resistor also increases, and, assuming that the exciter volt¬ 
age remains constant, the voltage on the field will decrease in proportion 
to the increase in line current. Figure 152 shows an exciter with its field 
connected to the line. Figure 153 has a battery substituted for the 
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exciter. The arrangement in Fig. 152 is affected by changes in line 
voltage, whereas the excitation in Fig. 153 is independent of the line 
voltage. The arrangement showii in Fig. 152 has been used very success¬ 
fully on large locomotives; it responds quickly to the changes in current 
caused by fluctuation in the line voltage. The use of a resistance in 
series with the motor armature also acts as a buffer, although the value 
of this resistance is very low and the losses represent only about 1 per 
cent of the losses in the motor. 

The schemes that provide for automatic regulation of the armature 
current with fluctuations in line voltage not only operate to hold the 
current down to a safe value when the line voltage decreases, but they 
tend to maintain the line current close to the required value of an increase 
in line voltage. The increase in line voltage through the action of the 
compound winding or series resistance operates to increase the field 
strength and thus restore the current to its former value. 

The speed of the motor on regeneration is adjusted by changing the 
field strength. Where a battery is used, the number of cells in circuit 
can be changed. In other cases a rheostat is used in the field of the 
exciter. When the arrangement shown in Figs. 152 and 153 is used, 
adjustments can also be made by changing the ohms in the series resistor. 
Each particular application must be carefully worked out and a selection 
must be made of the scheme of control that is best adapted for that 
particular application. After the method of control has been determined, 
the • characteristics of the motor on regeneration can be adjusted by 
varying the amount of compounding where that form of control is used, 
or the series resistance in Fig. 152 or 153 may be changed. In addition 
to these two methods of adjustment, the exciter is capable of a wide 
degree of adaptation by changing its driving means. 

VOLTAGE CONTROL 

This method of control may be considered under three subheadings: 
(1) the motor-generator set, (2) the booster, and (3) the combination of 
motor-generator set and booster 

The Motor-generator Set. —A d.c. shunt-wound generator (see 
Fig. 154) has its commutator connected directly to the commutator 
of a d.c. shunt-wound motor. Any standard type of motor may be used 
to drive the motor-generator set. The motor connected to the load has a 
constant field strength and a variable voltage impressed on its armature 
by varying the field strengths of the generator. To reverse the motor, the 
generator fields are reversed. 

The control scheme is a well-known method of obtaining regenera¬ 
tion and is explained fully in Chap. XI. The speed range obtained 
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on regeneration is practically the whole speed range of the motor in either 
direction of operation. 

The Booster. —A d.c. machine may be used as a booster (see Fig. 155) 
or a bucker in series with the main motor, which usually is a d.c. shunt- 
wound machine. When it is at rest, the voltage of the booster is approxi¬ 
mately that of the supply circuit. As the field strength of the booster 



Reversing 

Switch 

Fig. 154.—Voltage-control legeneiation using a motor-generator set. 

is decreased, its voltage goes down and the voltage on the motor increases 
until the motor is operating at line voltage. The fields of the booster 
may be reversed and gradually increase the voltage on the motor to 
approximately double the line voltage. 

Regeneration with this method may cover the entire speed range of 
the motor in both directions of operation. The booster may be driven 
by any form of motor, usually a d.c. shunt-wound machine. 



Fig. 155.—Voltage-control regeneration using a booster. 


The Motor-generator Set and Booster. —In this arrangement (see 
Fig. 156) two d.c. shunt-wound machines are coupled together and 
connected in series across the supply lines. The working motor C is 
connected across the armature of machine B of this set; its field is shunt 
wound and has a constant value. The fields of the two d.c. machines 
forming the motor-generator set are varied inversely to each other. 
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When the working motor C is at rest, the field of machine A is fully 
excited and machine B has its minimum field strength, which impresses 
a low voltage on the motor C . The field of machine A is gradually 
reduced and that of machine B increased until motor C is accelerated to 
full speed and the voltage of machine A becomes zero. When regenerat¬ 
ing, the voltage of machine A may be reversed so that it will assist 
machine C in delivering power to the line. The speed reduction during 
regeneration depends upon the voltage of machine A, and may extend 
over a wide range. Motor C may have its direction of operation reversed 
by reversing the connections to its armature. 

The schemes shown in Figs. 154 and 155 require the generator or the 
booster to carry the full motor current all the time, and to deliver full 
voltage part of the time. These two limitations fix the size of this 
machine. The arrangement shown in Fig. 156 divides the motor current 



Fig. 156.—Voltage-control regeneration using the combination of motor-generator set and 

booster. 

between machines A and B . When the motor C starts from rest, its total 
current is supplied by both machines A and B in the inverse ratio of their 
voltages, the machine B supplying most of the current at slow speeds. 
This distribution of current permits smaller machines to be used than in 
the schemes shown in Figs. 154 and 155. 

The last two arrangements show the motor and the generator with 
shunt-field windings only. These machines can be compound wound to 
obtain better operating characteristics from the motor driving the load. 
If this motor is operating a hoist, its speed will change with a change in 
load, owing to the resistance in the armature circuit. This change in 
speed is known as “regulation. 77 The load may change from the maxi¬ 
mum value in the positive direction to a negative load of perhaps 50 per 
cent of the maximum, so that a considerable change in speed may result. 
If series windings are used, the motor can be given approximately a flat 
speed characteristic over the entire range of load. 

When it is regenerating, a sudden drop in line voltage may cause an 
abnormal increase in the regenerating current. This condition can be 
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taken care of in much the same way as was described under field control. 
The service conditions will often determine the amount and frequency of 
voltage disturbances. In railway work, a considerable drop in line 
voltage must be provided for, while in power work, particularly with the 
smaller hoists, elevators, etc., the voltage regulation is good. In many 
cases these motors are operated from the same lines that supply the 
lighting system. If an induction motor is used for the motor-generator 
set shown in Fig. 154, the ordinary changes in line voltage will be readily 
taken care of by the inherent characteristics of the motor. For large 
installations the induction motor is provided with a slip regulator, which 
automatically adjusts the current fast enough to protect the motor from 
damage from voltage fluctuations. 

GENERAL 

The various forms of field control, with the exception of that shown 
in Fig. 155, have their widest application in railway work. For the latter 
it is preferable to use series motors, as they are freer from flashing 
troubles than are shunt motors. These systems of control require the use 
of a rheostat for acceleration and speed regulation when motoring. The 
resistors are also required during regeneration, when the motors are first 
connected to the line, and also when the motor combinations are changed 
from parallel to series, etc. 

The voltage methods of control have found their principal applica¬ 
tions in the industrial field. The scheme illustrated in Fig. 154 is the 
one commonly used for elevators, large mining hoists, and reversing steel 
mills. Voltage control does not require a resistor in the armature circuit 
of the motor. The only rheostats used are in the field circuits, and they 
consume very little energy. During acceleration and regeneration, the 
ordinary rheostat losses are eliminated, so that these systems operate very 
efficiently while the motor is connected to the line. During the time 
when the working motor is idle, the operation of the motor-generator sets 
consumes power and represents a direct loss. The control system can be 
arranged to shut down the motor-generator set during idle periods, to 
avoid stand-by losses, if sufficient time can be allowed for starting the set 
before starting the working motor. 



CHAPTER XI 

VOLTAGE CONTROL FOR DIRECT-CURRENT MOTORS 


If a d.c. motor has its field excited at a constant voltage, its speed 
will be proportional to the voltage impressed on its armature. The 
methods of obtaining a reduced voltage by means of resistance in series 
with the armature have already been described. Another method 
that is little used at present is to provide a source of power, using four 
or more power wires, the voltage between the different wires being pro¬ 
portioned so that a considerable number of operating voltages can be 
obtained by connecting the motor armature to different pairs of wires. 
This method is known as the “multivoltage system.” It is objectionable 
because it requires a number of power wires and special generator equip¬ 
ment, as well. There are also power circuits provided with two outside 
wires and a central or neutral wire, the voltage between the outside wire 
being double that between either wire and the neutral. These systems 
usually have voltages of 115 and 230, respectively, and are used for a 
limited number of industrial applications. 

THE MOTOR-GENERATOR SYSTEM 

The increasing size of d.c. motors for planers, hoisting, and the 
application of motor drive to reversing steel mills, during the last 20 years, 
has brought into general use a system of voltage control in which a 
separate generator is provided for each motor. This generator may be 
driven from any source of power but is usually driven by a constant 
speed, a.c. motor. The armature of the generator is connected directly 
to the d.c. motor, as shown in Fig. 157, both machines having their fields 
supplied from a constant-voltage exciter. The slow speeds of thj motor 
are obtained by reducing the strength of the generator field. If the 
generator field is reduced to zero and energized in the reverse direction, 
the rotation of the motor will be reversed. The controller in Fig. 157 
shows one means of doing this. The rheostat consists of a closed circuit 
in the form of a circle. Points A and B are connected to the + and to 
the — side of the exciter, and C and D are connected to the generator 
field. When the rheostat is in the position shown, the generator field is 
zero, and consequently the motor speed is zero. If contact 1 is moved to 
coincide with point A, contact 2 with C, contact 3 with B, and contact 4 
with D, current will flow from the exciter to A through 1 and 2 to C, 
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thence through the generator field to D, and from contact 4 to 3 to B , and 
thence to the exciter. This will give the maximum field strength to 
the generator and cause the motor to operate in a forward direction at 
full speed. Any position between the one shown in the diagram and the 
one just described will give intermediate values of field strength and 



Fig. 157.- Connections for reversing a steel-mill motor. 


cause the motor to operate at reduced speeds. If the controller is 
moved so that contact 1 coincides with point C, contact 4 with point A , 
etc., current will flow from the exciter to A through contacts 4 and 3 to 
Z), through the generator field to C, through contacts 1 and 2 to B and 
then to the exciter. This will cause the motor to operate at full speed 

in the reverse direction. Intermedi¬ 
ate positions of the control will give 
intermediate speeds. 

The advantage of such a method 
of control is obvious. The speed and 
direction of rotation of the large 
motor M in Fig. 157 is controlled by 
switching the small field current of 
generator G. This current may be in 
the neighborhood of 100 amp., while 
the armature current flowing from 
G to M may be several thousand amperes. This method gives a 
large number of fixed running speeds and the only losses that occur 
are the usual losses in the generator and the motor, in addition to the 
rheostatic losses in the field control. 

The speed of motor M may be retarded by reducing the generator 
voltage to a lower value than the center e.m.f. of the motor. This causes 
the motor to regenerate and produces dynamic braking. If the generator 
G is driven by a suitable motor, this method of slowing down will return 


From line 



Fig. 158.—Connections of slip regulator 
to induction motor. 
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power to the line. If it is driven by an engine, the generator cannot 
absorb the power, and the regenerated current must be wasted in a 
resistance. 

The field of motor M can also be varied to increase the speed range 
of the combination. It is found in practice^that the motor M can be 
arranged for speed control of 1 to 1.5 or 1 to 7by varying its shunt field, 
without much additional expense. If less than the full range of operating 



Fig. 160. —Connections of equalizer flywheel hoisting set. A.C.M., wound-secondary 
induction motor; F, flywheel; D.C.G., separately excited d.c. generator; E, exciter; D.C.M 
separately excited d.c. motor; S.R ., automatic liquid slip regulator; T, torque motor for 
slip regulator; O.C.B ., oil circuit breaker; F.C., reversing field controller for generator; 
R, rheostat for motor field; V.R., voltage regulator for exciter; A , ammeter; V, voltmeter; 
W, watt-hour meter; 1W , integrating wattmeter. 


speed is obtained from the generator, a smaller generator can be used. 
Therefore, the combined field control of the generator and field control 
of the motor gives cheaper commercial apparatus than would obtaining 
the entire range of speed control from the generator. This double method 
of control may seem complicated, but, as it is usually combined in one 
master switch, very little additional apparatus is required. 

Flywheel Power Storage. —When a large generator G is driven by a 
motor, this method of controlling the operating motor is usually combined 
with a system for reducing the maximum power demand from the generat- 
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ing station. The power supplied for large installations is usually alter¬ 
nating current, so the generator G in Fig 157 is driven by an induction 
motor, shown in Fig 160. On the motor-generator shaft is placed a 
large flywheel, which is used for storing energy during the low-demand 
period of the cycle and for supplying energy during the maximum-demand 
periods. This flywheel performs a similar function to a storage battery 
floating on the d.c. system. The flywheel gives out energy or absorbs 
energy, depending upon the speed of the motor-generator set. 

The driving motor for this set is provided with a wound secondary 
and a slip regulator is introduced in its secondary circuit If the resist¬ 
ance in this secondary circuit is varied automatically with the load, the 



Fig 161 —Equalizer flywheel hoisting set showing automatic liquid slip regulator 


motor will take an approximately constant amount of power from the 
line This is desirable only above full load on the motor. If the demand 
for power is in excess of this load, the slip regulator introduces more 
resistance in the motor secondary and allows the motor-generator 
set to slow down, so that the flywheel can supply this excess of power. 
When the demand on the generator is less than normal, the resistance in 
the secondary of the induction motor is decreased and the excess power 
input is used in accelerating the flywheel, thus storing up mechanical 
energy to be given out later when an excess demand occurs. 

A diagram combining the control of the motor-generator set with the 
control of the operating motor is shown in Fig. 160. This diagram is 
merely a scheme of connections intended to illustrate the principle, and 
does not show any of the control apparatus in detail. The slip regulator 
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in the secondary of the induction motor consists of three fixed electrodes 
■m flr lfpH B in Fig. 158. Each of these electrodes is insulated and con¬ 
nected to one of the slip rings of the induction motor. Above them in the 
liquid are suspended three electrodes marked A, attached to a common 
support C, and electrically connected through this support. The liquid 



Fig. 162 —Equalizer flywheel hoisting set showing automatic liquid slip regulator 


in the tank, known as the “electrolyte,” is a solution of washing soda and 
water. By referring to Fig. 160, it will be seen that the movable elec¬ 
trodes are raised or lowered by a small torque motor T, which is energized 
from three series transformers in the primary circuit of the induction 
motor. The weight of the moving elepient is partly counterbalanced, 
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but it is still sufficient to move the plates together. The torque motor 
tends to separate the plates. This motor operates in the same manner 
as an ammeter; the plates move up or down until the torque of the motor 
just balances the weight of the moving element, which occurs at sub¬ 
stantially the same current values for all positions of the plates. The 
friction in a commercial regulator does not require more than 5 per cent 
difference between the torque for raising and that for lowering the plates. 

The upper curve in Fig. 163a shows the regulation obtained with one 
of these slip regulators in commercial work, as compared with the regu¬ 
lation obtained with a magnetic-contactor control for cutting resistance in 
and out of the secondary of the motor, as shown in the lower curve. 



Fig. 163a —Power-demand curves of a typical hoisting set. The upper curve shows 
regulation using a slip regulator; the lower curve, regulation using magnetic-contactor 
control 



Fig 1636 —Curve A was taken when starting a 2,000-hp. plate-mill motor with mag¬ 
netic control Curve B shows the same motor starting under load operated with a liquid 
regulator. 


These curves, which reveal the advantages of the liquid regulator, show 
that the maximum-power input is quite uniform. The minimum-power 
input depends largely upon the way in which the load comes on and off 
the operating motor, so that these low peaks decrease to a very small value 
if the demand for power is small over a considerable period of time. 

An exciter is shown mounted on the shaft of the motor-generator set 
in Fig. 160. As the speed of this exciter varies with the speed of the 
motor-generator set, it is necessary to provide a voltage regulator, in 
order that the voltage of this exciter will remain constant over the speed 
range that is obtained in practice. This is a simpler arrangement than 
the use of a separately driven exciter. 

It is the practice of power companies to make a charge based upon 
the maximum demand required from the power system. This is a 
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just method of charging for power, as the size of the generating station 
must be determined by the maximum demand of the customers. Where 
a large motor is applied to a hoist, considerable power is taken from 
the line to accelerate the hoist if the motor is connected directly to the 
supply system. The charge for power may be large on account of 
this maximum demand. If the motor is operated from a flywheel motor- 



generator set, as was previously described, the maximum demand can be 
kept quite low, as is shown in Fig. 163, particularly if a liquid regulator is 
used, so that a reduction is made in the power bills by using this system. 
Another saving results from the regeneration of power when the load is 
reversed. In the operation of a mine hoist with this voltage system of 
controlling, there is very little rheostatic loss, so that less power is taken 
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Fig. 165.—Load-time cui ve of a typical hoisting set. 

and a large percentage of the energy given out by the descending hoist is 
returned to the line by regeneration. 

It is not difficult to determine the size of a flywheel to absorb the peak 
loads when used in connection with a motor-generator set. A curve 
should be drawn showing the relation between the horsepower required at 
any particular instant and the time. It is usual to plot the horsepower as 
ordinates and the time as abscissas. From this curve the average input 
can be obtained and the maximum demand over any given period of time. 


'_i 














r 


2229 


WR P 



M 

-1 _l 

\ 



WKKMiWmmrn ' i 


\ 



■n 

§§■ 


v 


n 

L_1 



_ 

" 

\ 

i 

— 







VOLTAGE CONTROL FOR D.C. MOTORS 


151 


To illustrate, in Fig. 165 is given a load-time curve of a hoisting set, 
to lift 5,000 lb. at 1,200 ft. per min. The accelerating and retarding 
periods will be equal to 1,760 hp.-sec., and the constant speed periods 
will be 3,540 hp.-sec., making a total of 5,300 hp.-sec. in excess of the 
average requirements. This represents the total energy that must be 
given out by the flywheel over the maximum-demand period. This 
energy must be returned to the flywheel during the periods when the 
power demand is less than the average. 



Iig 166 —Westinghouse control panel for a reversing steel-mill motor for main-roll drive 

The weight of the flywheel depends upon the type of construction and 
the maximum peripheral speed. Let V\ equal the velocity in feet per 
second at a radius of gyration for maximum speed, and V 2 for the mini¬ 
mum speed. The simplest form of flywheel and one of the best is 
made up of solid circular plates. For this type of wheel, the radius of 
gyration is equal to 0.707 of the wheel radius. If 20,000 ft. per min. is 
selected as the maximum peripheral speed, which corresponds to good 
practice, the maximum velocity at the radius of gyration will be 


T7 20,000 X 0.707 OQA 
V 1 = —-gg-= 236 ft. per sec. 

\ 

If a minimum speed is assumed equal to 85 per cent of the maximum 
speed, which is good practice, the minimum peripheral speed will be 


V 2 ** 236 X 0.85 = 200 ft. per sec. 




152 


CONTROLLERS FOR ELECTRIC MOTORS 


The weight of the flywheel can now be calculated as follows: 

w _ hp.-sec. to be supplied X 550 X 2 g _ 5300 X 35,400 _ 10 0 _ n 
W ~ TV — TV “ (236) 2 - (200) 2 ~ 

The rotating element of the motor and the generator furnish some fly¬ 
wheel effect, so that the horsepower-seconds of the flywheel effect 
obtained from these two units can be subtracted from the total in calculat¬ 
ing the size of the flywheel, if it is desirable to figure very closely. 1 

MULTIPLE OPERATION OF MOTORS AND GENERATORS IN SERIES 

The scheme of control illustrated in Fig. 160 is applicable to mine 
hoists and similar reversing sets for driving the main rolls in steel mills. 
Many steel-mill applications require much larger equipments. If the 
diameters of the rotating parts are increased, the stored energy will 
increase as the square of the diameter, which materially increases the work 
required for reversing the requipment. It is, therefore, better engineering 
practice to divide motor and generator into two units. Figure 167 shows 
a diagram of the double-unit set. The main circuits between the gen¬ 
erators and the motors might be arranged so that each generator operated 
its own motor, or the generators and motors might be coupled in series. 
The series arrangement is preferable, as it ensures an even distribution 
of load among all four machines. The objection to this arrangement is 
the large armature current if the voltage per machine is 250 or a total of 
500 volts to ground; but if the voltage per machine is 500 volts, additional 
insulation is required. The arrangement shown in Fig. 167 avoids both 
these difficulties by connecting the motors and generators alternately in 
series, the current passing from generator No. 1 to motor No. 1, thence 
to generator No. 2 and motor No. 2, back to generator No. 1. This 
arrangement can be readily extended to additional machines if a larger 
output is required. 

In rolling steel, it is very desirable that the motors shall have com¬ 
pound characteristics, but the armature currents are too large to reverse 
the series field each time the shunt field is reversed, so that another 
arrangement must be used. This consists of a small generator K (see 
Fig. 167), forming part of the exciter set. The fields of this generator 
are in series with the armature current of the main motors. The voltage 
of the machine K is, therefore, proportional to the load on the main 
motors, and this machine can be used to excite windings on the motors. 

1 With a slip regulator it is possible to keep the motor load almost constant at 
the average value. Without a slip regulator the motor load increases with the 
decreasing speed, and the calculation is more complicated. See S. A. Fletcher and 
Chas. R. Riker, Relation of Flywheel and Motor Capacity for Industrial Loads, 
Elec . /., March, 1912, p. 270. 
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Fig. 167.—Connections for double-unit reversing motor. A, oil circuit breaker with 
no-voltage trip; B , automatic liquid slip regulator; C, a.c. wound-rotor induction motor; 
D, d.c. separately excited generators; E , d.c. separately excited motors; F 1 , circuit breaker 
in generator fields; F 2 , circuit breaker in main circuit; G, field controller; H, * flywheel; J % 
shunt exciter for generator and motor fields; K, a.c. squirrel-cage induction motor. 
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These windings carry only a small current and can be reversed when the 
fields of the shunt generators are reversed. 

The detailed scheme of connections for this reversing set is shown 
in Fig. 168. The control consists of a series of magnetic contactors, some 
of which are used for reversing the fields, others for changing the resist¬ 
ance in series with these fields, others for purposes that will be described 
later. 

In order to make the generator voltage respond quickly to a change 
in the controller, it is necessary to wind this field for a low voltage and 
use a resistance in series with it. If this resistance is short-circuited while 
the field is being strengthened, it will increase the speed at which the 
change of flux takes place and therefore hasten the increase in voltage 
on the generator. This method of manipulating the field is called “ field 



Fig. 169.—A method of preventing the field from building up beyond the value for which 

the master switch is set. 

forcing.” In order to prevent the field from building up beyond the value 
for which the master switch is set, an automatic arrangement is used, 
which is shown in Fig. 169. The coils for the contactors, 9 and 10, con¬ 
trolling the field, are shown as 23 and 24. These coils are in series with 
the solenoid S , which operates the contact mechanism, 30, and is opposed 
by solenoid T . The strength of S depends upon the coils 23 and 24 of 
contactors 9 and 10 being energized by the master switch. When a 
contactor is first closed, the coil S predominates over T and closes 
contact 30, which energizes coil 25 of-contactor 17. This closes contactor 
17 and short-circuits resistance in series with the generator fields. As 
these fields build up, the magnet T exerts an increasing pull until the 
desired voltage is reached, at which point magnet T overcomes S and 
opens contactor 17. 

This contactor 17 is also used to maintain the generated voltage con¬ 
stant on long passes in the mill. As has been previously described, the 
motor-generator set is equipped with a flywheel, which by slowing down 
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furnishes the excess power above normal load. But the slowing down of 
the motor-generator set has a tendency to lower the voltage on the gen¬ 
erators if the field strength remains constant. In order to overcome this 
difficulty and obtain constant voltage, which means constant speed of the 
mill motor, a voltage regulator is used, which momentarily closes con¬ 
tactor 17 whenever the voltage drops below normal. The voltage then 
tends to increase above normal so that by the repeated closing and 
opening of this contactor the field has a tendency first to increase and 
then to decrease, but, because of the inductive effect of the field circuit, 
the voltage remains practically constant. 

An overload relay is used to limit the armature current. This relay 
is shunt wound, with as little inductance as possible, and is connected 
across the interpole windings of one of the motors, which acts as an 
inductive shunt, giving the relay a slight anticipation of a change in the 
current. But the change in flux in the generator fields has a time lag 
owing to the inductance of the field windings; therefore, when an overload 
occurs, if we arrest the increase of current in the field windings, the 
field flux will continue to increase on account of this stored energy. An 
overload relay that inserts resistance in series with the field circuit will 
not respond quickly enough to correct momentary current peaks. It is, 
therefore, necessary to add contactor 19, which short-circuits a section of 
the resistor in shunt to the field windings; this immediately arrests an 
increase in flux. The contactor 19 may open and close a number of 
times during a change in speed. It is found in practice that the various 
field windings can be timed so that dangerous overloads do not occur 
except during deceleration, when the motors are operating on weakened 
fields. This overload device is, therefore, arranged so that it operates 
only when the motors are delivering power to the generators. 

The generator field has two sets of resistance in series with it. One 
set is controlled by contactors 9 and 10, operated by the master switch 
for the purpose of regulating the motor speed. The second set of 
resistance is normally short-circuited by contactor 40. When an over¬ 
load occurs, it opens contactor 40, which inserts a resistance in the field, 
and this, in turn, reduces the current through the armature. Under 
normal operation, this contactor is closed. 

The motors have two field windings, one connected to the constant 
potential source of power exciter J (see Fig. 167), the other connected to 
the compound exciter K . After the motors have reached normal speed 
on full field value, the speed may be further increased by weakening the 
motor fields. This requires the insertion of resistance in both field wind¬ 
ings. If the fields are weakened too rapidly during acceleration, exces¬ 
sive current will flow through the armature. Contactor 20 is therefore 
provided for short-circuiting the resistance in series with the constant 
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potential motor fields. This contactor is controlled by an overload 
relay and opens and closes in rapid succession during acceleration, main¬ 
taining the armature current practically constant. 

If the master switch is operated to decrease the speed of the motors, 
they will regenerate and in doing so reverse the polarity of the field wind¬ 
ings supplied from the exciter K. This may cause an abnormal weak¬ 
ening of the motor field. To prevent this, a reverse-voltage relay opens 
contactor 5 or 6 and disconnects these field windings whenever the motor 
voltage reverses with reference to the generator voltage without the 
master switch’s being reversed. As was explained previously, when the 
master switch is reversed, the polarity of these fields is automatically 
reversed; therefore, the current in these fields is in the correct direction. 

The control of the reversing equipment for steel-mill service has been 
given at some length in order to illustrate the nature of the problems 
arising in such a control system. This control system is used for mine 
hoists and elevators with one working motor and no field control. Com¬ 
mercial controllers differ in many details, but the principles of this 
control are typical. Some of these problems are similar to problems met 
with in the control of small adjustable-speed motors. As an illustration, 
contactor 20, which prevents too rapid weakening of the motor field, has 
its counterpart in the ordinary fluttering relay used with adjustable-speed 
motors. 

The control equipment for the rapid reversing required in steel-mill 
service differs in some details from the controller used with mine hoists, 
where the change in speed is much more gradual and the motor does 
not have compound characteristics. The mine-hoist controller provides 
automatic slow-down and stop at either limit of travel. This is accom¬ 
plished by a current relay, which reduces the generator voltage to zero 
at the proper rate to keep the armature current at a constant value. 

In order to prevent the generator fields from being disconnected from 
the line by throwing the master switch to the Off position when the motor 
is still running, a voltage relay is used, which automatically maintains the 
generator-field circuit and allows the decelerating current relay to slow 
the set down before disconnecting the fields. 

When the generator field is disconnected from the line, there is a 
residual magnetism, which causes the motor to rotate at a very slow, 
creeping speed. This is a desirable feature in steel-mill work, as the slow 
turning of the main rolls prevents overheating and consequent injury 
to the rolls. When it is applied to a mine hoist, this creeping action is 
very objectionable. It is eliminated by automatically connecting the 
generator fields across the motor armature in the reverse direction. This 
causes a small current to flow through the field coils in the proper direc¬ 
tion to kill this magnetism. 
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Steel mills, mine hoists, elevators, and planers are some of the principal 
applications using this method of control. 

METHODS OF REGULATION 


Field excitation 


The motor-generator method of speed control of motors is developing 
wide possibilities. The generator can have a series field winding, to 
increase its voltage as the load in- 
creases, nearly to compensate for the " * 

voltage drop in the armature circuit 
and maintain approximately con¬ 
stant speed. This speed regulation 
is close enough for some applica¬ 
tions, but where closer regulation is _ 

required, there are several designs of 
regulators available of the exciter 
type. Electronic tubes also can be 
used. It is desirable to keep the 
regulating power small and to am- 
plify its effect on the generator ' 

„ _ mi __ i ,_ _ __ Fig. 170.—Saturation curve of an exciter. 

voltage, iriese regulators can 

maintain exact preset speed or constant torque. They can regulate for 
any function that can be expressed electrically. The elements of the 
exciter type of regulators are as follows: 

The d.c. exciter, in Fig. 171, driven at constant speed, can have its 
self-excited field b\ adjusted with a rheostat so that its magnetizing 

^_ • _ force coincides with the saturation 

—j—— n |— curve in Fig. 170, line Bi-B 2 . In 

f DC. v? standard practice the resistance is 

$ o \frcitey < 5 less anc [ the line intersects the satura- 

^ I tion curve at C. When the resistance 

I_I n is high, the magnetizing force moves 

r\£g toward line Ai-A 2 , and the field flux 
I t becomes' zero, as it will not self-excite. 

Constant voltage The field can be built up along B\-B 2 
° mr to the point X by means of the 

Fig. 171.—A regulating exciter with , . n , , „ , . , 

two fields Fi and F 2 , and means for momentary use of field F 2 , which can 

reversing F 2 . The rheostat in the circuit move X Up Or down OH B 1 -B 2 by 
of Fi is not shown. ... • rr a 11 

adding or opposing F A small 
change in F 2 shifts the line of magnetizing force sidewise and a small 
field can make a large change in the exciter voltage. Field F 2 gives a 
regulating means requiring very little energy to affect the exciter voltage 
and is, therefore, very sensitive. 


f DC ) 

\Excifer] 


r | Reverse 
*t t switch 

Constant voltage 
D.C Power 

Fig. 171.—A regulating exciter with 
two fields Fi and F 2 , and means for 
reversing Fi. The rheostat in the circuit 
of F 1 is not shown. 
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The exciter in Fig. 172 has been given a third field F 3 , which opposes 
F 1 and F 2 . The rheostat R 2 selects the speed of the motor Mi. When 
this speed is reached, the voltage of RG causes F 3 to neutralize F 2 so 
that X in Fig. 170 remains on line Bi-B 2 at the point that gives the gener¬ 
ator voltage necessary to run motor Mi at its selected speed. When a 
change in load affects this speed, the voltage RG changes and the point X 
is moved to return RG to the set speed corresponding to the setting 
of R 2 . In this way RG changes the position of X in Fig. 170 to excite Gi 
to the proper voltage to cause F s to neutralize F 2 at the setting given Rz 
and keeps the motor Mi at its selected speed. 

Changing the position of R 2 will select a new speed, at which the motor 
will be held constant. The Westinghouse Rototrol and the Allis- 



D.C. Power 
constant 
voltage 

Fig. 172.—Method of regulating for constant speed. F 1 , self-excited field; F 2 , pattern 
field; F 3 , regulating field; RG, generator with constant field drive by motor Mi. 

The generator G 1 and the exciter GE 1 are driven at constant speed. R 1 adjusts F 1 so 
that the self-excited voltage is on the saturation curve (see Fig. 170) line Bi-B>. R>> adjusts 
the speed of M 1 and RG. Ft opposes F 2 and the two are made equal by R .* when the speed 
of Mi is correct. An increase in the speed of Mi reduces field GF and returns M\ to the 
correct speed. A reduction in the speed of Mi increases field GF and corrects the speed 
of Mi. 

Chalmers Regulex both use this method of control, i.e., a self-excited 
generator with the field magnetizing force coinciding with the straight 
part of the saturation curve and two additional field windings, the 
pattern field winding, which is adjustable, and an opposing or differential 
field winding, which is responsive to the function that is to be regulated. 
These last two fields, operating on the differential principle, require 
very little power. They neutralize each other when the regulation is 
correct. These machines are, therefore, amplifiers as well as exciters. 
If it is desirable, the self-excitation may be obtained by the use of a 
series field instead of a shunt field, as shown in Fig. 172. 

The Westinghouse Company also uses the Rototrol in a Wheatstone- 
bridge connection, explained briefly in Fig. 173. 1 This bridge connection 
is very useful for certain applications. 

1 For a more detailed explanation, see G. A. Caldwell and W. H. Fornhals, Electri¬ 
cal Drives for Wide Speed Ranges, A.l.E.E. Paper , January, 1942. 
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Fig. 173. —Rototrol with budge connections. The generator has two shunt fields GFl 
and GF2 ; the ampere turns add together. The Kototrol has four shunt fields— RF 1 , RF2, 
and RFA ampere turns add togcthei and RF 3, ampere turns oppose the others. 

At no load, R5 and RG are adjusted so that RF 1 + RF2 — RFS = 0 and the Rototrol 
generates no voltage. The speed of the motor M is controlled by the rheostat. The 
no-load losses cause a current to flow in the shunt, which builds up 7?F4 and opposes /2F3, 
causing the Kototiol to generate voltage and send current through GFl-RFl and GF2-RF2 , 
increasing the generator voltage to overcome the load-current voltage drop. RF 1 and 
RF2 also increase to bring the Rototiol volts back to zero when M returns to its preset 
speed. The working load on M causes a further increase in the generator volts to com¬ 
pensate for the added voltage diop in the armature circuits. 

If the load on M is negative, as when lowering a load, the ampere-turns in RF4 are 
reversed, causing a reduction in generator volts to hold M at its preset speed. 



Fig. 174.—Shows how 1 ampeie in tho exciter field contiols 10 amp. in the generator 
field and 100 amp. in the generatoi aiinatuie—an amplification of 100 to 1. This is one 
method of amplification where a slow response is satisfactory. 
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The General Electric Company uses a machine of the Rosenburg- 
generator or Pestarini-Metadyne type in which the armature cross field, 
set up by a pair of short-circuited brushes, supplies the power for the 
generator field. This machine, which is called an Amplidyne, is shown 
in Fig. 176 in simplified form. More complete information will be 


lamp Ivolt 



Fig. 175.—Amplidyne generator driven by an a.c. motor. Either generator—that in 
Fig. 174 or that above—can be used as an exciter for the field of a large d.c. generator of a 
variable-voltage motor-generator set controlling a working motor, such as a mine hoist. 
The control of the 1-amp. field circuit controls the voltage of the main generator. The 
response of the motor-generator set in Fig. 174 is slow as it works through two fields, and 
the ratio of field current and voltage to armature current and voltage is small compared 
with the Amplidyne generator. The power used in the Amplidyne-control field can be 
very small and controlled with electron tubes. The response is very fast, less than sec. 


A.C. Power 





Fig. 176.—Variable-voltage control using a series-wound d.c. generator and motor. No 

exciter is required. 


found in various technical papers. 1 The small amount of power used 
in the initiating field is greatly amplified by this machine. 

Small variable-voltage motor-generator sets can be economically 
built with a series motor and generator. No exciter is required with this 
arrangement (see Fig. 176). The motor speed is adjusted by a rheostat 
in parallel with the generator field. The generator is usually driven by 
an a.c. induction motor. 


1 See Alexanderson, E. F. W., M. A. Edwards and K. K. Bowman, The Ampli¬ 
dyne Generator—a Dynamoelectric Amplifier for Power Control, Gen. Elec. Rev., 
March, 1940; also Alec Fisher, Design Characteristics of Amplidyne Generators, 
Gen. Elec. Rev., March, 1940. 




CHAPTER XII 


SERIES-PARALLEL CONTROL AND THE 
ELECTRO-PNEUMATIC CONTACTOR 

SERIES-PARALLEL CONTROL 

The series-parallel system of control is applied to two motors, or 
groups of motors, so arranged that they are connected in series across 
the line for acceleration to half speed and operation at this speed. The 
motors may then be connected in parallel and accelerated to full speed. 
The motors must be mechanically connected together. Otherwise, one 
motor may accelerate faster than the other. This results in unequal dis¬ 
tribution of load. This control is usually applied to cars moving along 
a relatively horizontal track, such as street railway, interurban, and main¬ 
line cars and locomotives. It is also used for cars in steel mills, coke 
plants, etc., for the purpose of conveying material from one point to 
another. These latter cars may be controlled automatically by a push 
button or by a standard streetcar controller. This system of control is 
sometimes used for slope hoists, where the angle of the slope is small, and 
for the bridge travel of large ore bridges. 

Some controllers are arranged for operation in either series or parallel, 
the motors being connected permanently in series or in parallel by means 
of a change-over switch. This switch is interlocked so that the con¬ 
troller must be turned to the Off position before the connections are 
changed. An arrangement of this kind is known as “series-and-parallel” 
control. It has a very limited application. If the resistor is designed 
for accelerating with one combination of motors, it gives poor acceleration 
on the other combination, unless the connections to the resistor are 
changed, which further complicates the control. The only occasion for 
using such a control would be where there are considerable periods of 
time during which the apparatus is required to operate at half speed, 
which can be obtained by series connection. 

The series-parallel control is usually associated with street railway 
and steam railway electrifications; the system, however, is applicable to 
many industrial railways, to mining locomotives, automobile trucks, and 
similar applications. 

Advantages. —The advantages of the series-parallel control are 
obtained when the period of acceleration extends over a considerable 
period of time and represents an appreciable part of the complete duty 
cycle. This is obtained in horizontal traction and in many of the 
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applications already enumerated. A saving is accomplished when the 
motors are connected in series, since the current drawn from the line is 
one-half the value that would be taken if the motors were connected in 
parallel. This is particularly desirable for starting a car or a train of 
cars where the static friction requires a considerable torque in excess 
of the running torque. Where the period of acceleration is short, the 
saving is often counterbalanced by the loss during the transition period. 

The series-parallel control gives operation at one-half normal speed. 
This is desirable where trolley cars are operated through a congested 
portion of the city. If the industrial car is operated automatically, the 
series combination would give a low speed, from which the stop could be 
made more gradually than from the parallel combination. The reduc¬ 
tion in starting current may sometimes permit the use of smaller feeders 
for a trolley system or other power distribution. The acceleration of 
the motors in series to half speed, and then in parallel to full speed, results 
in a saving in the weight of the resistors, which is considerably more than 
the additional weight to the control equipment, so that a net saving in 
the total equipment is obtained. 

Limitations. —The disadvantage of the series-parallel control is the 
added complication in additional parts to the controller. Where rapid 
acceleration is required, the transition period from series to parallel 
introduces a time element, which is objectionable. For instance, many 
industrial motors are accelerated in approximately 3 sec. If 1 sec. were 
taken for the transition period, this would add 33 per cent to the total 
time of acceleration. If the complete cycle were completed in 6 sec. or 
10 times a minute, the introduction of this extra second would eliminate 
one cycle per minute, which might be very undesirable. Even where the 
bridging system is used and no loss is experienced in the progressive 
acceleration, the additional time required for the operation of the extra 
switches would still add a considerable time element to the cycle. Where 
the motor operates a vertical hoist or has a similar load, the reduction in 
torque, which usually occurs at the transition period, would cause a 
slowing down of the motors. This would be very undesirable and would 
more than compensate for any saving that might be effected during the 
period of acceleration of the motors in series. 

Where the series-parallel system -is considered for a new application, 
careful analysis should be made of the accelerating conditions, to deter¬ 
mine whether this system of control is the most desirable. 

Methods of Transition. —There are three common methods of chang¬ 
ing motors from series to parallel. They are known as 

1. Open-circuit transition. 

2. Shunt transition. 

3. Bridging transition. 
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Po etek j> No.JMofor No.2Motor 
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Firstseries 


Full speed series Or, 

t —njiniLr—(7)—vw— Qy~ j_ 

Transition 



First parallel 



Full speed parallel 

Fig. 177.—Slept* in the opcn-encuit transition method of series-parallel control. 



Speed 


Fig. 178.—Speed-torque curves with open-circuit transition. 
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Open-circuit Transition .—This was the first method to be introduced. 
It is illustrated in Fig. 177, while Fig. 178 shows the relation between 
speed and torque during acceleration. In passing from the full series to 
the first parallel notch, the circuits of both motors are opened. 

This method is in use for small motors in ordinary service. It is 
objectionable because the motor circuits are opened, causing arcing at 
the contacts of the controller and a loss of torque in the motors. The 
method of control is simple and easily understood. The motors are per- 

r—TJUlTlf—(/)—vw—(5)—< 

First series Q r 



First notch parallel 



Full speed parallel 

Fig. 179.—Steps in the shunt-transition method of series-parallel control. 

manently connected in series and started by inserting resistance in series 
with them. This resistance is gradually short-circuited, as in rheostatic 
control. This gives half speed with both motors the line in series. 
The motor circuits are then opened and the motors are connected in 
parallel and accelerated from half speed to full speed by introducing resist¬ 
ance in series with each motor, and gradually short-circuiting it. 

Shunt Transition .—The method of shunt transition is an improve¬ 
ment over that of open-circuit transition. It is based on the principle 
that a short circuit can be placed around the armature and fields of a 
series motor without injuring the motor. The short circuiting of the 
armature through the field reverses the field current, which, in turn, 
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reduces the fields and counter e.m.f. to zero. The method of control is 
shown in Figs. 179 and 180. This system allows one motor to remain 
active while the other is being short-circuited, and in this way an active 
torque is maintained on the apparatus during the transition period. In 
passing from full-speed series to the first notch in parallel, the proper 
amount of series resistance is first inserted and then motor No. 2 is 
short-circuited. This resistance limits the current to compensate for 
the absence of the counter e.m.f. of motor No. 2. This motor is then 
connected in parallel with motor No. 1, and the series resistance gradually 



P’iq. 180- Speed-torque curves with shunt transition. 

is short-circuited until the motors are connected across the line, giving 
full speed. This method of control is employed in the type K drum 
controllers, which are still in extensive use on trolley cars. 

One of the type HL electropneumatic controllers uses this principle 
of control. Figure 181 shows the connections in detail. An improve¬ 
ment has been made in this controller by using some of the sections of 
resistors several times. This is permissible, as the use of resistors in series 
requires the short-circuiting of these resistors in sections. Ordinarily, 
the first section of the resistor has the maximum resistance and is in circuit 
the shortest length of time. In order that cast-iron grids may be used 
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for these resistors, this first section usually has more capacity, and 
requires less capacity in proportion, than the balance of resistors, as it is 
impractical to obtain high ohmic value with a small number of grids. If 
this section of resistor is now used in another part of the acceleration by 


T — mm —@—wv—(2)—vw-i 
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First parallel 
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Full speed parallel 

Fig. 181.—Steps in shunt transition using an eleetropneumatic controller. 


being connected in parallel with other resistors, the weight of metal is 
used to better advantage and the total weight of the resistor is reduced. 
The advantages of this method of transition are that 


1. An active torque is maintained upon one motor during the transition period. 

2. It is the simplest method in general use. 
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The disadvantages of this method of transition are that 

1. A reduction in torque is obtained during transition, as only one motor is active. 

2. This active motor is subject momentarily to a very heavy overload. 

3. The change in torque on the short-circuited motor during transition usually 
results in the motor's being momentarily driven by the other motor, which takes up 
the lost motion in the driving gears in the reverse direction. When the motor becomes 
active again, this lost motion is again taken up in the positive direction. This double 
action results in two shocks in the driving machinery and has a tendency to cause 
excessive wear and loosening of parts. 

Bridging Transition .—The transition from series to parallel by this 
system consists in placing a shunt, or bridge, between the motors so that 


First series Or. 



Full speed series Or 



First parallel 



Full speed parallel 


Fig. 182.—Steps in the bridging-transition method of series-parallel control. 


all the motors are active during the transition period. This is illustrated 
in Figs. 182 and 183. Its operation is similar to that of a Wheatstone 
bridge. The two sides of the bridge consist of the motor plus a resistor. 
If the drop in voltage through the resistor is equal to the drop through the 
motor, the two parts of the circuit connected by the bridge will be at 
the same potential, and no current will flow. It is difficult to obtain 
this exact balance with manual operation; it can be closely approximated, 
however, where automatic acceleration is used. The arrangement of cir¬ 
cuits for this method consists in a portion of the series resistance being 
inserted between the two motors. Passing from the full-speed series posi- 
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tion to the first parallel notch, the two sections of resistance are inserted 
in parallel with the motors, so that each motor has a circuit from trol¬ 
ley to ground through the motor and a section of resistance, the final 
series connection forming the bridge of the circuit. This bridge circuit 
is then opened and the resistance is gradually short-circuited until the 
motor is brought up to full speed. In practice, extra resistance is inserted 
ahead of the first motor, to obtain adequate starting resistance and to 
protect the first motor on resetting the circuit breaker. 

If the resistors are so adjusted that more current passes through the 
two resistors than through the two motors during the bridging period, the 
opening of the bridging switch will interrupt this excess current and give 



Fig. 183.—Speed-torque curves with bridging transition. 

an increased torque on the motors, equivalent to an additional notch of 
the controller. This notch can be so adjusted as to be equal to the other 
accelerating notches, so that the acceleration through the transition 
period compares favorably with that during other periods. 

The advantages of this method of control are that 

1. An active torque is maintained on the two motors during the transition period. 

2. By proper adjustment of the resistors at the time of transition, an active 
accelerating notch is obtained at this time, which gives a smooth acceleration. Since 
both motors are active, no jerks are produced. These advantages make this method 
of transition the best for heavy-traction applications. 

The disadvantages of this method of control are 

1. Added complication. 

2. Additional switches. 

3. Increased arcing. This latter is objectionable only where drum controllers 
are used. Contactor switches are well adapted for this service and the arc can be 
properly distributed so as not to cause excessive wear. 


SERIES-PARALLEL CONTROL 


169 


ELECTROPNEUMATIC CONTROL 

The use of series-parallel control in railway work has identified it with 
the electropneumatic controller. This controller is in general use for 
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Fig. 184.—Cross section of an electropneumatic switch: 1, insulating washers; 2, arc 
chute; 3, screw holding pole piece on blowout coil; 4, arc-chute side; 5, bolts holding switch 
contacts; 6, wing nut holding arc chute in place; 7, armature of magnet valve; 8, bolt 
holding angle iron that supports front end of valve-magnet casting; 9, insulating tube; 
10, magnet-valve cap; 11, iron cover of valve magnet; 12, magnet-valve core; 13, foot 
supporting front end of magnet bracket; 14, magnet-coil terminal. 

railway work but is also used for some .industrial applications where 
compressed air is available, or where the installation is of sufficient size 
to warrant the use of compressed air. Often compressed air proves a 
valuable means for operating mechanical brakes, clutches, and similar 
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apparatus, so that on some large ore bridges and similar industrial appli¬ 
cations, the electropneumatic controller has been used instead of the 
magnetic-contactor controller. 

Electropneumatic Switches: —When the railway industry developed 
from small individual cars to multiunit operation, it became necessary 
to design control apparatus that could be operated from a master switch 
placed on the platform of the leading car. Several methods of operating 
the control were tried. The two principal methods used at that time, 
both of which are now in successful operation, were the magnet-operated 
contactors and the electropneumatic switch. Other methods, such as 
the pilot motor-operated and air-cylinder-operated controllers, have been 
used, and still have a limited application, but the railway industry today 
has been built up on the foundation of individual contactors or switches 
operated either by a magnet directly or by air pressure controlled by an 
electromagnet. 

The switch is illustrated in Fig. 184, which gives a cross-section 
drawing of the switch. The contacts are of the rolling type, having 
the same design as those of the magnetic contactor. They are opened by 
a spring in the air cylinder and closed by air pressure underneath the 
piston. Air is admitted to the cylinder by a small valve operated by a 
magnet. The work done by this magnet is so small that a very low 
wattage in the coil is sufficient for the purpose. This makes it possible 
to design a small magnet that will operate over a wide range of voltage 
and one that can be used on a low potential circuit. The design of the 
switch is such that a failure of air pressure results in opening the switch. 
The magnetic blowout is smaller in design than those used for magnetic 
contactors, with possibly one exception. The opening in the arc box 
confines the arc to a movement in the horizontal direction. This is nec¬ 
essary in order to permit the mounting of the switch underneath a car 
or in rows in a locomotive cab. As was explained in a previous chapter, 
the arc is ruptured by stretching it and cooling it. On account of the 
arc’s being moved only in the horizontal direction, the arc box on the 
railway contactor is usually larger than that for the corresponding indus¬ 
trial contactor, which permits the arc to be moved both horizontally and 
vertically. In other words, the industrial contactor has a box that is 
opened at the top as well as the side. 

The width of the switches for railway service is kept down to a mini¬ 
mum, in order to reduce the over-all length of the controller, which is 
made up by mounting switches side by side. Weight also is an important 
factor influencing the construction of the switch. This is evident from 
the minimum amount of iron used in the framework. The latest designs 
of these switches are of the self-contained unit type, the switch parts 
being clamped to insulated steel bars, which form the framework of the 
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switch and give the maximum strength with a minimum weight. This 
unit construction permits the air-operated switch to be assembled in a 
variety of ways, the more readily to adapt it to different classes of service. 
The former method of building these switches in groups of eight to ten 
in a cast-iron frame resulted in a heavier controller—one that lacked 
flexibility. 

The arrangement of air-operated switches shown in Fig. 185 is typical 
for an ordinary surface car. The switches are mounted in a sheet-metal 
enclosure, which protects them from dirt and water. The sides of the 
box are hinged, to make the operating parts of the switch accessible for 
inspection and renewals. 






< \ x i i ; : i i {( j 

H U j* ; r# t » k' i i 

f l ‘ 1 


si k 4 isi' 


I 


.i*** i 

• • «*. - t. > t ^ t, ... 

■ it i i i i i ■ ? t. t 

* # ^ * r « * * » % • - 


Fig. 185.—Arrangement of an-operated switches in the ordinary surface car. 


The controller is divided into two groups, one of which carries the 
reverse switch and the other the sequence switch. The sequence switch 
is a small drum coni toller actuated by air cylinders and controlled by 
magnet valves. The contact fingers energize the air switches in the 
proper sequence for accelerating the motors. The speed at which* the 
sequence-switch drum rotates is adjusted to give the desired rate of accel¬ 
eration. When the master switch is moved to the Off position, the 
sequence switch returns to its initial starting position. This ensures that 
the motors are started in the proper manner each time the master switch 
is moved from the Off position to one of the running notches. The 
sequence switch will stop at intermediate notches corresponding to posi¬ 
tions on the master switch. The reverse switch is interlocked with the 
line switches, so that it is operated only when the controller is discon¬ 
nected from the line. 

The valve magnets are operated on a low-potential circuit, which is 
supplied either by a storage battery or from a resistance that is connected 
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across the line, the valve magnets being in shunt with the portion of this 
resistance at the grounded end. The voltage used on the valve magnets 
is normally 20 volts. On account of the low voltage at which the valve 
magnets operate, there is very little arcing on the interlock fingers, which 
permits their being arranged in a very compact manner. 

The use of air as an auxiliary for operating the controller has been 
applied to a number of different types of control. Air pressure is avail¬ 
able at the present time on practically all except very small surface cars. 
The amount of air used in operating a controller is small in comparison 
with the amount taken by the air brake, so there is little objection to 
using air as an auxiliary for operating the controller. The only extra 
precaution required is to see that the piping is installed so as to drain the 
moisture from the air system. Air cools very rapidly when it is expanded 
and has a tendency to cause frost or ice particles to form in the ports to 
the valve and the cylinder, particularly when the outside temperature 
is very low. This difficulty is sometimes experienced when the piping is 
installed by persons not familiar with this system of control. If it is 
properly installed, the air is cooled after being compressed, which precip¬ 
itates the moisture in the form of water that can be readily drained off. 
The only other source of trouble is dirt, which can be easily removed by a 
fine-mesh strainer. 

An important detail of these switches is the piston leather. There is 
perhaps no detail of the entire switch that has received more thought 
and on which more research work has been done than on the piston 
leather and the method of mounting this leather in the cylinder. Leather 
is porous and, if it is used in its natural condition, it will have excessive air 
leakage through these pores. It is therefore necessary to treat this 
leather, partly for the purpose of filling up the pores and partly for the 
purpose of giving it the proper mechanical structure. The practice at 
this time is to use a piston leather made up of three layers, or thicknesses, 
of leather. This gives the desired flexibility as well as reducing the leak¬ 
age to a minimum. The piston leather has a phosphor-bronze expander, 
mounted inside the cup. This causes the leather to exert an initial pres¬ 
sure against the inside of the cylinder. When air is applied, this pressure 
is increased and makes a tight joint between the leather and the walls of 
the cylinder. The compound with Which the leather is impregnated must 
withstand a considerable variation in temperature. In cold weather the 
cars may be idle for a long time and the temperature within the cylinder 
may go to zero or even lower. When the car is in service, the current 
that passes through the controller heats up all the parts in the switch 
group and, if the outside temperature is warm, especially in the southern 
states, the temperature inside the cylinder becomes very high in com¬ 
parison. The ordinary compound with which leathers are impregnated 
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has a tendency to be very stiff at low temperatures and very soft at high 
temperatures. It is therefore necessary to use a process for impregnating 
that will give satisfactory operation over wide range of temperature. 

Advantages. —The electropneumatic control has a number of funda¬ 
mental advantages, which may be briefly summarized as follows: 

1. High pressures can be used between the contacts carrying the main current. 

2. A strong spring can be used in opening the contacts. 

3. The valves require very little force to operate them and the magnets require 
only a small wattage for their successful operation. 

4. On account of the above, successful operation can be obtained with a wide 
range of voltage on the control circuits. 

5. The power available for operating the switch permits a rugged construction of 
the interlock contacts. 

6. The low voltage at which the valve magnets operate permits of a very compact 
arrangement of interlock details. 

7. The design of the switch is such that its operation is independent of its position 
and is also independent of vibration. 

8. The speeds at which the switch opens and closes can be independently adjusted 
by changing the size of the air inlet and exhaust. 

9. The switch closes at a positive uniform speed and eliminates the hammer 
blow present in magnet-operated contactors. This reduces the bouncing of the 
contacts during closing to a minimum and in many cases entirely eliminates it. 

10. The pressure on the contacts carrying the main current is independent of the 
line voltage. With control of this type, being independent of voltage, the car can 
be operated at any voltage that will cause the motors to turn over. On the other 
hand, the movements of the switch will be uniform and satisfactory at voltages greatly 
in excess of normal. 

11. On account of the small size of the valve magnet, it has very little induction* 
and therefore responds quickly both in opening and in closing the valve; the small 
inductive effect does not interfere with the coils connected in multiple. 

Limitations.—The limitations of this form of control may be sum¬ 
marized as follows: 

1. It requires a reliable source of air pressure for operation. The normal air 
pressure is usually 70 lb. This air pressure should not drop below 50 lb. and should 
not exceed 100 lb. In practice, a governor maintains the air at normal pressure, so 
that the switches may operate under the most favorable conditions. 

2. The air must be clean and dry. 

3. The use of air as an auxiliary requires piping connections to be made to the 
controller, in addition to the wiring connections. This is offset to a considerable 
extent by the use of low-voltage control circuits, which simplifies the wiring details. 

4. Piston leathers need renewing from time to time. This, too, is offset somewhat 
by the absence of trouble with the valve magnets and interlocks on account of the 
small power used in this circuit. 



CHAPTER XIII 


ADJUSTABLE-SPEED ALTERNATING-CURRENT MOTORS OF 
THE WOUND-ROTOR TYPE 

ANALOGY WITH D.C. ADJUSTABLE-SPEED SETS 

The wound-rotor induction motor can have its speed adjusted by con¬ 
necting the secondary circuit to an external source of power having suit¬ 
able characteristics. The principle of operation may be illustrated by 
referring to a similar scheme using d.c. machines. If we assume a d.c. 
motor A (see Fig. 186), having a d.c. machine B in series with its arma¬ 
ture, and assume that this d.c. machine is operated at a constant speed 
by another d.c. machine C, it can be readily seen that by Changing the 
voltage of this regulating machine B, the speed of the main motor A can 



Fig. iS(5. Direct current adjustable-speed set, constant torque. 


l>e adjusted. Assuming that B runs at constant speed and that its field 
is capable of adjustment over a wide range and that it is provided with 
interpoles, so that it will operate successfully at zero field strength, we can 
then obtain a voltage from B that either opposes the flow of current 
through the motor A or assists that current. In other words, the machine 
B interposes an active voltage in the armature circuit of machine A. 
This voltage may oppose the line voltage, reducing the speed of A below 
normal or it may add to the line voltage, increasing the speed of A above 
normal voltage. If we wish to reduce the speed of motor A 50 per cent, 
the machine B would have half the capacity of A. When the motor A is 
operating below normal speed, the difference in power represented by this 
difference in speed is absorbed by the machine B, which acts as a motor 
driving the machine C as a generator and returning this power to the line. 

174 
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If the motor A is operated above normal speed, power is taken from 
machine B, which then becomes the generator, apd machine C a motor 
receiving current from the line. The torque of machine A remains con¬ 
stant throughout the speed range, as this torque is fixed by the field 
strength, which is assumed to be constant, and the current-carrying capac¬ 
ity of the armature. Therefore,.this equipment operates at a constant 
torque throughout its range, the horsepower varying with the speed. 
(These statements and those that follow are all based on the assumption 
that the equipment is operating at its rated full-load current.) 

If we couple the machine B to the main motor A , as shown in Fig. 
187, the speed of A can be adjusted in a manner similar to that shown 
in Fig. 186, by varying the field strength of machine B . In this case, the 
difference between the operating speed and the normal speed of the main 
motor A is absorbed by the machine B and converted into mechanical 



Fig. 187.—Direct current adju&table-speed set, constant hp. 


work. The torque of A remains constant, but the torque of B will change 
with the change of speed, the resultant torque of the equipment bring 
inversely proportional to the speed and the horsepower remainifig 
constant. 

In the schemes shown in Figs. 186 and 187, it will be noted that the 
main current passes through machines A and B ’in series. Assuming that 
this current is always equal to full-load current and that the supply volt¬ 
age is constant, it will be seen that the power supplied to this circuit has 
a constant value. In Fig. 187 there are no other connections to the line 
and, therefore, if the losses are kept small this scheme should deliver a 
constant horsepower corresponding to the constant-power input. The 
arrangement in Fig. 186, however, provides an additional circuit through 
machine (7. There is a constant-power input to machines A and B, to 
which the power input of machine C should be either added or from which 
it should be subtracted, depending on whether machine A is running 
above or below normal speed. The total power received from the line 
is, therefore, a function of the speed. The torque, however, is obtained 
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from one machine only, namely the main motor A . Therefore, this equip¬ 
ment delivers a constant torque, as compared with the constant horse¬ 
power delivered by the equipment in Fig. 187. 

If these two schemes are kept in mind in considering the a.c. 
motor, it will be found that the methods used for controlling this motor 
are either constant torque or constant horsepower and that they function 
in a manner similar to that of the d.c. motor. 

The line voltage connected to the primary of an induction motor must 
be balanced by a counter voltage set up in the windings caused by the 
alteration of the flux through these windings. This counter voltage is 
a little less than the line voltage, the difference being consumed by the 
ohmic and leakage reactance drops caused by the load current. Assum¬ 
ing that the line voltage, the frequency, and the load on the motor remain 
constant, the primary flux remains constant. Most of this flux also 
passes through the secondary. If the secondary revolves at synchronous 
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Fig. 188.—Secondary-voltage distribution; motor operating below synchronism. 


speed, its conductors do not cut this flux and there is no secondary volt¬ 
age or current; therefore, no work is done by the motor. In practice, 
the secondary revolves at a little less than synchronous speed. This 
difference in speed generates a secondary voltage, which causes the sec¬ 
ondary load current to circulate. This, in turn, requires a corresponding 
increase in the primary current in the ratio of transformation. The dif¬ 
ference between synchronous speed and actual speed is commonly called 
the “slip” of the motor. Let us assume that this slip amounts to 3 per 
cent of the synchronous speed of the motor. The motor, therefore, 
operates at 97 per cent of synchronous speed at full load. If we now 
connect the secondary circuit to a source of power of the same frequency, 
we can impress an external voltage upon the secondary windings. If 
this impressed voltage has the proper phase relation, the secondary will 
revolve at a less speed, as more slip will be required to generate the addi¬ 
tional voltage made necessary by that supplied from the external source. 
This can be more easily understood by referring to Fig. 188. We will let 
the line AB represent the amount and direction of voltage required in the 
secondary to circulate the load currents and the line CD the voltage 
supplied from the external source. We must then generate in the second- 
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ary circuit a voltage EF, which is opposite to the two previous voltages 
and equal to their sum. In order to generate this voltage, the secondary 
must run at a less speed. The motor can be operated above synchronism 
by changing the direction of the voltage supplied from the external source. 
Figure 189 shows a similar analysis. The line AB represents the value 
and direction of voltage required to circulate the load current. This 
is the same as in Fig. 188. The line CD now represents the value and 
direction of the voltage supplied from the external source. The sec¬ 
ondary of the motor must, therefore, develop a voltage having a value 
and direction corresponding to EF . As this voltage is in the opposite 
direction to that in Fig. 188, it is necessary for the motor to operate above 
synchronism. 

Figures 188 and 189 show that, when the motor is operating below 
synchronism, the voltage required to circulate the load current is obtained 
by a decrease in speed and, therefore, by less work being delivered by the 
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Fig. 189.—Secondary-voltago distribution; motor opciated above synchronism. 


motor. When it is operated above synchronism, this voltage is supplied 
as part of the power obtained from the external source. In both cases the 
voltage required to circulate the load current represents a loss; in one case 
the loss appears as less mechanical work, while in the other case the loss 
is made up from a source of power external to the motor itself. 


ALTERNATING-CURRENT ADJUSTABLE-SPEED SETS 

The performance of the a.c. machine is similar to that of the d.c. 
machines previously described, with the additional limitation that in the 
a.c. machine we must take into consideration the power factor and fre¬ 
quency of the circuits in the secondary of the motor, in addition to the 
voltage. In the d.c. machine we are concerned only with voltages. In 
both a.c. and d.c. machines the speed of the motor can be adjusted either 
above or below normal speed by changing the voltage impressed upon 
part of the motor windings from an external source. 

Several different methods have been used for introducing the variable 
voltage in the secondary circuit of a wound-rotor motor. Some of these 
methods also include means for changing the power factor so that the 
normal power factor of the motor may be improved or even changed to 
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a leading power factor. In all these methods the main motor is started 
from rest by connecting the secondary through a resistor with means for 
short-circuiting this resistor, as is done with standard equipments. 
The diagrams in Figs. 190 and 191 show this resistance, together with 
a change-over switch for connecting the motor to the adjustable con¬ 
trol after it has come up to speed. This method of starting has been 
omitted from all except Figs. 190 and 191 for the purpose of simplic¬ 
ity, as the means of starting has nothing to do with the principle of speed 
adjustment. 

In describing the following methods no attempt will be made to 
develop the theory or to furnish vector diagrams illustrating the phase 
relation between the different voltages and currents. A very complete 
analysis of these problems is given in the A.I.E.E. proceedings. 1 



190. Method I, constant hp. 

Method I. —This method consists of a main driving motor coupled to 
a d.c. machine. The secondary of the main motor is connected to the 
slip rings of a rotary converter. The d.c. side of the rotary converter is 
connected to the armature of the d.c. machine. The fields of the rotary 
and the d.c. machine are excited from a const ant-voltage source of direct 
current. Diagrammatically, this scheme is illustrated in Fig. 190. 

In starting from rest, the secondary of the main motor A is connected 
to a resistor, which is gradually short-circuited by means of magnetic 
contactors in the usual manner. After the main motor has been brought 
up to speed, its secondary is transferred to the rotary converter. 

The voltage on the d.c. side of the rotary is changed by varying the 
field of the d.c. machine B. This changes the voltage impressed on the 
secondary motor A , which changes the speed of this motor. At the same 

i Trans. A.I.E.E ., Vol. 39, Pt. II, pp. 1135 ff. 
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time, the change in voltage on the rotary changes the speed of the rotary. 
These two actions take place simultaneously. The a.c. side of the rotary 
is connected to the secondary of the main motor A . Therefore, the fre¬ 
quency in the two machines remains the same and the change in speed 
takes place simultaneously. 

To reduce the speed of the main motor, the field of the d.c. machine 
B is increased. This causes an increased voltage to be applied to the 
secondary of the main motor through the rotary converter, which in turn 
reduces the load current or may momentarily reverse this current. The 
main motor will then slow down until the sum of the generated voltage 
and the supplied voltage in its secondary is enough less than the ratio of 
transformation to cause full-load current to flow through the secondary. 
The reduction in speed, in turn, reduces the voltage of the d.c. machine so 
that a balance running speed is soon reached. The speed is increased by 
reducing the strength of the d.c. motor field. The power represented by 
the difference between full speed and actual speed is converted into work 
through the rotary converter and the d.c. machine, causing this machine 
to give a torque, which adds to or subtracts from the torque of the main 
motor A. If the set is running at 75 per cent of normal speed, the main 
motor will be delivering 75 per cent of its rated output and 25 per cent 
will be delivered by the d.c! machine. The torque of the main motor 
remains constant, as this is fixed by the excitation of the primary and the 
design characteristics of the machine, both of which remain constant. 
The d.c. motor, however, increases its torque as the speed of the main 
motor decreases. When the main motor A is operated above synchronous 
speed, the torque of the d.c. machine B is subtracted from the torque of 
A. The torque delivered by the d.c. machine is directly proportional to 
the change in speed of the main motor, so that the horsepower output of 
the combined unit remains practically constant. 

The power factor of the main motor can be altered by changing the 
excitation of the rotary fields. In this way the power factor of the motor 
may be increased so that it is above 90 per cent, but ordinarily a leading 
power factor is not obtained. 

This method can be used to operate the main motor above synchro¬ 
nism as well as below synchronism. If operation at normal speed is 
desired, the regulating set can be disconnected and the secondary of the 
main motor can be short-circuited. 

Method II.—This method is similiar to Method I, except that for the 
d.c. machine coupled to the main motor a motor-generator set, not cou¬ 
pled, is substituted. The scheme of connections is shown in Fig. 191. 
The operation is very similar. The rotary converter C supplies power to 
the d.c. machine B } which drives the a.c. machine D and returns power to 
the line. The speed of the main motor is adjusted by changing the field 
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strength of the d.c. machine B. The difference between these two 
schemes is that, in the first method, power is converted into mechanical 
work and returned to the main-motor shaft. This gives a constant horse¬ 
power throughout the range of the equipment. In Method II, power is 
returned to the line. The main motor operates at constant torque, but 
the horsepower decreases with the speed. The power returned to the 
line is the difference between the horsepower that the motor would deliver 
at full speed and the horsepower that it actually delivers at the reduced 
speed. In both methods, the losses are very small and most of this dif¬ 
ference in power is saved. By reversing the polarity of the power sup¬ 
plied to the secondary of the a.c. motor, it may be made to operate above 
synchronism. This may be accomplished in several ways; the additional 
power in this case will be taken from the line by the motor-generator set. 


3<t> Power 



Method III.—This equipment (see Fig. 192) consists of a main driving 
motor A, having mounted on its shaft a small frequency changer Z). 
Separate from this main motor is a set consisting of an a.c. induction or 
synchronous machine C coupled to an a.c. commutator machine B. The 
a.c. commutator machine B is operated at nearly constant speed by the 
a.c. machine C , to which it is coupled. The field strength of this com¬ 
mutator machine is varied in order to supply different voltages to the 
secondary of the main motor. The- method of varying this field consists 
in connecting one end of each field coil to an autotransformer, in the sec¬ 
ondary of the main motor. The other end of each field coil is connected 
through a resistance to the low-frequency, or commutator, end of the fre¬ 
quency changer £>, mounted on the main-motor shaft. The frequency 
changer is so connected that, when the main motor is operated at syn¬ 
chronous speed, the commutator end of the frequency changer supplies 
direct current. At any other speed of the main motor, an alternating 
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current is supplied to the field, which has the same frequency as the 
secondary of the main motor. This can be better understood by refer¬ 
ring to Fig. 193. When the main motor is operating below synchronism, 
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Fig. 192. —Method III, constant torque 


we can let the line AB represent the frequency due to the rotation of the 
a.c. field, and the line BC the frequency due to the rotation of the fre¬ 
quency-changer armature, which is coupled to the main machine A and 
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Fig. 193.—Analysis of frequencies in frequency changer. 


rotates at the same speed as that machine. The line CD will then repre¬ 
sent the difference in these frequencies and will be the frequency that is 
delivered at the commutator end of the frequency changer. Since this 
frequency is equal to the difference between synchronous speed and the 
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actual speed of the main motor, it will be the same as the frequency in the 
secondary of the main motor for all speeds of the main motor. 

Since the field of the commutating machine B is excited by two sources 
of power out of phase with each other and independently adjustable (phase 
relation of the frequency changer by shifting the brushes; current from the 
frequency changer by varying the resistor; and voltage from the auxiliary 
commutator circuit by adjusting the autotransformer), both the phase 
relation and the strength of the excitation can be controlled. This 
adjusts the phase and the amount of voltage impressed on the slip rings of 
the main motor A and provides a ready means for adjusting its speed and 
power factor. Motor A may be operated at a leading power factor when 
this is desired. 

The speed of the main motor can be adjusted from below synchronism 
to above synchronism while it is operating under load. In order to pass 
through synchronism, the voltage impressed upon the secondary of the 
main motor must equal zero when the main motor is operating at about 
3 per cent below synchronous speed, in order that there will be sufficient 
voltage to circulate the load current. When the main motor reaches 
synchronous speed, the frequency of the secondary circuit is zero and the 
voltage from the autotransformer F is zero; therefore, the commutating 
machine B is excited entirely from the frequency changer D on the main- 
motor shaft; the voltage supplied from machine B must now be sufficient 
to circulate the load current. This voltage is in the opposite direction to 
that impressed on the secondary below synchronism. The transition can 
be illustrated by Figs. 188 and 189. As the motor approaches synchro¬ 
nous speed (see Fig. 188), the line BC is reduced in length until it reaches 
zero. The line EF then equals A B and the voltage of machine B is zero. 
In order to obtain a further increase in speed, the voltage supplied by 
machine B is reversed, and the line EF reduces to zero and then reverses, 
as is shown in Fig. 189. 

The torque of the main motor remains constant throughout the range 
and the horsepower varies directly with the speed. The difference in 
horsepower represented by a speed slower than synchronism is returned 
to the line through the commutator machine and the induction machine 
that it drives. When it is operating above synchronism, the extra power 
is obtained from the line through the synchronous, or induction, machine 
to the commutator machine and then to the main motor. The power 
input to the primary and the torque of the main motor remains the same 
for all speeds, the horsepower varying with the speed. 

Method IV.—This method is the same as the Method III, except that 
the commutator machine B is coupled to the main-motor shaft instead of 
being driven by a separate a.c. machine. The scheme is illustrated dia- 
grammatically in Fig. 194. The energy represented by the difference in 
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speed is converted into work by the a.c. commutator machine B } which 
either adds to or subtracts from the torque of the main motor A , depend- 
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Fig. 194.—Method IV, constant hp. 
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ing on whether the set is operating below or above synchronism. The 
equipment, therefore, operates on a constant-horsepower basis, no energy 
being returned to the line. 
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Method V. —The main driving motor A has a synchronous machine 
B coupled to the same shaft. Mounted separately is a frequency changer 
C, driven by a small synchronous motor. The diagram of connections is 
shown in Fig. 195. The secondary of the main motor is connected to 
the commutator end of the frequency changer. The slip-ring side of 
the frequency changer is connected to the synchronous machine on the 
main-motor shaft. The d.c. field of this synchronous machine B can be 
varied by means of the field rheostat. 

The frequency changer runs at a constant speed corresponding to the 
synchronous speed of the line. The synchronous machine coupled to the 
main motor operates at a speed greater or less than synchronism, corre¬ 
sponding to the slip of the main motor. If we represent the slip of the 
main motor by S , then the frequency of the synchronous machine is equal 
to 1 plus or minus S . This frequency is imposed upon the slip-ring side 
of the frequency changer, which in turn delivers a frequency equal to the 
slip in the secondary of the main motor, on account of the frequency 
changer operating at synchronous speed. This arrangement ensures that 
the frequency of power supplied to the main motor is of the correct value. 

The voltage delivered by the synchronous machine coupled to the 
main motor is adjusted by changing the strength of the d.c. field. This 
voltage is transmitted through the frequency changer to the secondary of 
the main motor, which rotates at the proper speed to develop a voltage 
sufficiently above or below that supplied by the frequency changer to cir¬ 
culate the load current (see Figs. 188 and 189). By adjustment of the 
value and the direction of the voltage of the synchronous machine, the 
main motor may be operated either above or below synchronism at any 
speed within the range of the equipment. 

The power factor of the mam motor may be adjusted either by shift¬ 
ing the brushes on the commutator end of the frequency changer or by 
shifting the poles in the synchronous motor D, driving this machine. 
This motor is very small compared with the frequency changer, as it has 
only to overcome the friction and windage losses; therefore, the poles can 
be shifted economically by winding the field coils in sections and connect¬ 
ing them to a small rheostat. 

The power taken from the supply lines remains constant. The dif¬ 
ference in power delivered by the main motor, owing to a reduction in 
speed, is converted into mechanical energy by the synchronous machine, 
coupled to the motor shaft. In this way a constant horsepower is 
delivered to the mill coupling at all speeds. 

Method VI. —This method (see Fig. 196) uses a frequency changer 
having a wound stator and a rotor with a commutator on one end and slip 
rings on the other end. The commutator end is connected to the slip 
rings of the main motor and the slip-ring end to the line, through an auto- 
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transformer. The speed of rotation of the frequency changer is con¬ 
trolled by changing the resistance in the stator winding. Its performance 
is similar to a wound-rotor induction motor, the slip rings supplying 
energy to the rotor, which in this case is the primary member, the stator 
being the secondary. The amount of slip, or speed, is fixed by the resist¬ 
ance in the secondary circuit. 

Another method would be to excite the stator from the commutator 
end of the frequency changer and change the speed by a resistance in this 
circuit. 

The voltage supplied to the secondary of the main motor depends upon 
the voltage imposed on the slip rings of the frequency changer by the 
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Fig. 196.—Method VI, constant torque 

autotransformer B ; at the same time the speed at which the frequency 
changer operates must be adjusted to maintain its secondary frequency 
the same as that of the main-motor secondary. When it is operating 
above synchronism, energy is taken from the line. 

A modification of this method consists in coupling the frequency 
changer C to the shaft of the motor A and omitting the stator windings. 
The frequency changer in this case operates exactly the same way as the 
machine D in Fig. 192, Method III, with the exception that in Method 
III this machine furnishes power to the fields of the a.c. commutator 
machine B , while in Fig. 192 the frequency changer C would supply the 
power directly to the secondary of the main motor A . In the latter case, 
the frequency changer must be large enough to supply the power repre¬ 
sented by the difference in speed required either above or below normal 
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speed of the main motor A . The speed is fixed by that of the main motor 
A } which is usually quite slow, so that the frequency changer might be 
quite large and expensive. The arrangement, however, is very simple 
and can be easily operated through synchronism, stable operation being 
obtained at all speeds. . 

These methods of control of wound-rotor induction motors were first 
developed for large motors, used for driving the main rolls in steel mills. 
There are two general methods of rolling steel. One consists in passing 
the metal back and forth through one set of rolls; and the other method 
uses a number of sets of rolls, the metal passing continuously from one 
set to the next. This latter is known as a “ continuous mill. ” Where a 
single stand of rolls is used, two rolls only may be employed, the motion of 
the metal back and forth being obtained by reversing these rolls. When 
this method of rolling steel is used, the driving motor must be reversed 
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quickly and frequently; therefore, d.c. motors are used with the voltage 
method of control described in Chap. XT. 

If three rolls are used and the metal passes one way between the bot¬ 
tom pair and then back between the upper pair, the rotation is continuous 
in this direction and the a.c. motor can be used. The speed of this motor 
may be adjusted by any one of the methods described above. In most 
cases, the speed is adjusted for a particular class of work and is not 
changed between passes. The speed is adjusted when rolling begins and 
remains fixed until the class of work is changed. In most cases, it is not 
necessary to adjust the speed under load, which simplifies the controller. 

When the continuous process of rolling steel is used, the roughing rolls, 
or those through which the steel is passed first, are often driven at a con¬ 
stant speed by an a.c. motor and only the finishing rolls are provided with 
adjustable-speed a.c. motors. 

The speed regulation of a.c. motors between no load and full load can 
be made very close, the difference being due to the voltage required to 
circulate the load current. In some cases, the load varies over a consider¬ 
able range and it is desirable to provide a flywheel to absorb the peak load. 
In order to have this fly wheel effective, it is necessary for the motor to 
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drop in speed when the load comes on. This result can be obtained either 
by increasing the resistance in the path of the load current or else by 
designing the regulating machine to have the proper characteristics to give 

RECORD OF KW. INPUT TO 1500 HP. MOTOR 

Z3ZO i———rn—1'"| f'T'i—i—m - 1 i 
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80 160 240 320 400 480 560 640 720 800 

Seconds 


D.C. BETWEEN ROTARY AND D.C. MACHINE 
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Fig. 198.—Characteristic curves of 1,500-hp. constant-horsepower adjustable-speed set 
operating at 14 per cent above synchronism. 


this result. The curves in Figs. 197 and 198 show the speed variations of 
one of these adjustable sets operating below and above synchronism. 

Electric motors have almost entirely replaced steam engines for roll¬ 
ing steel where new equipments are installed. The curves in Fig. 199 
show this increase in total horsepower over a period of years. The 
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efficiency and the flexibility of the electric drive has made an entire change 
in engineering practice. The slow-speed reciprocating engine has been 
supplanted by the high-speed turbine. Steam as a prime mover is used 



Fig. 199.—The cumulative curve of main-drive motors over 300 lip. shows a 1942 total 
of 4,045,665 hp. This curve is typical of the increased use of electric drive in industry. 
(From Iron Steel Engr. Year Book , 1942, p. 35.) 

now almost exclusively for the development of electric energy, which in 
turn is applied to the work by means of the motor. The application to 
steel mills is only one illustration of this change. 





CHAPTER XIV 
RESISTORS 1 
TYPES OF RESISTORS 

The most common form of resistor is the cast-iron grid, shown in Figs. 
200 to 202. Cast iron is admirably adapted for this purpose on account 
of its cheapness, high electrical resistance, freedom from corrosion, and 
small temperature coefficient. The resistance of cast iron increases about 
15 per cent with a change of 
temperature of about 250°. Ps 
principal limitation is that it is 
not suitable for small apparatus 
where a large ohmic value is re¬ 
quired with a small capacity, re¬ 
quiring high-resistance units of 
small size. 

Where a large ohmic value is 
required in a small space, the 
embedded type of resistor is used. 

It is made in various forms, the 
resistance material usually con¬ 
sisting of a wire or ribbon em¬ 
bedded in enamel or in some 
similar compound, as in Fig. 203. 

It is also common to make up units in the form of plates. Embedding 
the resistance material gives increased thermal capacity and mechanical 
protection. It also prevents conducting material, such as metal dust, 
from collecting on the unit and reducing the resistance. Most of these 
embedded units can be heated to destruction without any external flash 
or drippings. 

Cast Grid Resistors. —These grids (see Figs. 200 to 202) are cast 
from iron or from an iron alloy; they may be in several sizes for different 
ratings; they usually have two widths of boss, which controls the spacing 

1 A “resistor” is “An aggregation of one or more units possessing the property of 
resistance, used in an electric circuit for the purpose of operation, protection, or control 
of that circuit ” This term was coined to express properly the part of a controller 
often referred to as the “resistance/* The word “resistance” expresses the property 
of a substance and should not be used to denote the material itself. 
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Tia 200.—Cast-iron gud lesistor unit 
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between grids. Alloy grids will stand more mechanical shock and can 
be given greater ohmic value, but they cost more. The ohmic value is 
changed by using different cross sections of the grid loops, as well as by 
using alloys. 



Fig 201 —Grid and edge-wound resistors {Courtesy of Wfstmghouse Electric & Manus- 

factunng Company ) 

The grids are threaded on insulated tie rods attached to end frames. 
The contact between grid bosses is by pressure from the tie rods; mica 
washers are used to insulate between grids to give the current a zigzag 
path. Metal terminals, usually with slotted ends, are inserted between 
grids and make pressure contact with the grid boss. The slots permit a 
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terminal to be relocated or additional ones to be added by slacking off 
the tie-rod pressure. Grids are usually given a coating of aluminum 
paint. 

Edge-wound Ribbon Resistors. —Ribbon resistors (see Fig. 201) 
occupy a position midway between cast grids and wire-wound tubes. 





0 



Fig 202 Grid type resistor. (Courtesy of General Electric Company ) 

They can be furnished with higher ohmic resistance than can grid resis¬ 
tors, and have greater ampere capacity than do wire-wound tubes. They 
will stand greater mechanical shock than alloy grids and are suitable for 
some applications where grids would be broken. They have greater 



Fig 203 -Vitrohm wire-wound icsi&tors. (Courtesy of Ward Leonard Electric Company ) 

continuous rating and less short-time rating than have grid resistors of 
comparable size. 

The ribbon is wound edgewise, in a spiral, and is screwed on porcelain 
insulators or is wound edgewise in loops between porcelain blocks. It 
may also take other special forms. The ribbon material can be stainless 
steel, Nichrome, or a copper-nickel steel alloy; any suitable metal may 
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be used to give a wide range of ohmic values. The units are assembled 
in end frames, similar to grid resistors. 

Wire-wound Resistors. —The wire is wound on a clay or porcelain 
base and is embedded in a surface coat of baked enamel. It is usually in 
the form of a tube or a plate. The embedding is desirable to protect the 
fine wire from corrosion and mechanical damage; the covering greatly 
increases the thermal capacity of the resistor and prevents the wire from 
creeping out of place when it is hot. Skill and long experience are 
required for making good embedded resistors. 

Heavy wire is sometimes wound on an asbestos-insulated tube or 
some other shape and is covered with a special cement. Many different 
types of wire-wound resistors have been made, some of which are not very 
satisfactory. This type of resistor gives a high ohmic value in a small 



Fig. 204.—Vitrohm strip-type resistors. (Courtesy of Ward Leonard Electric Company.) 

space and can have many taps. Wire made from different alloys suit¬ 
able for this purpose is available. The capacity depends upon the outside 
surface area. The mounting can be made to suit the application. 

Resistors of the Compression Type. —Some rheostats and control¬ 
lers have resistors composed of graphite disks. The change in ohms is 
obtained by changing the pressure on the column of the disks. These 
disks are illustrated in Fig. 216 and a rheostat of this type in Fig. 218. 
The change in ohms with pressure is shown in curve, Fig. 208. If a 
rheostat were designed so that the pressure on the column was changed 
in a uniform manner, the resistance would not be altered so as to give the 
best starting or regulating conditions. In order to improve this condi¬ 
tion, a cam is used for compressing the resistance column. This cam acts 
through a spring and is so designed that equal movements of the con¬ 
troller handle give approximately equal changes in resistance. The curve 
in Fig. 208 shows the change in resistance with the movements of the con¬ 
troller handle. Controllers using this form of resistor are shown in Figs. 
-218, 255, and 256. 
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Fig. 205.—Front-of-board Vitrohm field 
rheostat: a, front view; b, rear view, c, Shows 
stages of manufacture* (l) Pressed-steel plate 
forms a rigid base. After the entire surface is 
(2) sand-blasted to remove foreign particles, 
the (3) ground coat of enamel is applied which 
protects the surface of the plate and forms an 
electrical-insulating heat-conducting surface 
upon which to mount the (4) resistance element 
of alloy wire. To these wires the heavy con- 
^ tacts are fastened; this gives a mechanically 
and electrically perfect joint. (5) Vitrohm 
^ insulation is applied over the resistance wire. 
It holds the wire and contacts securely and 
protects them against corrosion and mechanical 
inquiry, d, Vitrohm field rheostat with small 
rectangular contacts, e, Motor-operated 
Vitrohm field rheostat that is used with a 
reversing planer control. (Courtesy of Ward 
Leonard Electric Company.) 
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a b 

I lu 20G o Kibohm field iheostat single-face plate fiont view b Motor-opf rated 
Ttibolim iheostat combining a geneiator-ficld iheostat and a motoi field iheostat 



Fig 207 —(1) A metal ribbon of suitable size and alloy (2) is punched and formed into 
a channel and (3) after being flattened at the ends and center (4) is bent into a V shape 
This construction possesses the advantages of light weight rigidity and strength Resistor 
used in Fig 206 (Courtesy of Ward Leonard Electric Company ) 
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Pounds pressure applied to resistor column 



Degrees of travel of pressure-cam lever 


Fig. 208.—Pressure-resistance curve of graphite-compression resistor. This curve 
shows the relation between the resistance of the carbon pile and a uniformly increased 
pressure applied to the column. When used in apparatus requiring a uniform decrease in 
resistance with a uniform travel of the controlling lever, the increments of pressure should 
not be uniform, but should be carried through suitable cams and springs as shown in the 
lower curve. 
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A rheostat is defined as a resistor provided with means for varying 
its resistance. This usually takes the form of a series of contacts mounted 
on the surface of an insulating material having an arm arranged for mak¬ 
ing connection between a central post, which forms the pivot of the arm, 
and the various contacts, which are arranged in a circle. Mounted back 
of this face plate is a series of resistor units, as shown in Fig. 219. For 
small sizes, the contacts and resistance material are both embedded in a 



Waifs per unit 

Fiu. 209.— Relation of the temperature use and the energy loss per lesistor unit for five 

different classes of service. 

compound, forming a complete unit, known as a “plate-type rheostat” 
(see Fig. 205). 

In applying resistors, two points should be considered: (1) the ability 
to radiate and conduct the heat from the unit to the surrounding atmos¬ 
phere, (2) the ability to absorb heat. Usually the mass of the resistor 
is small compared with that of a motor or controller for dissipating the 
same amount of heat energy, so the energy absorbed by the resistor will 
raise its temperature more rapidly. When the resistor is used for starting 
purposes only, the absorption forms a very important item in the design. 
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For intermittent duty, radiation is the controlling feature. The relation 
between temperature rise in degrees C. and the watts per unit for five 
different conditions of operation is shown in Fig. 209. The heavy line 
is the average value and the dotted lines on either side represent the 
variations due to the different cross sections of the grids used. These 
curves, of course, apply only to one particular size of grid and are shown 
for the purpose of illustrating the effect that different classes of service 
have upon the capacity of a resistor of a given size. Curve 1 is for con- 

300i-r—- 1 - 1 - 1 



0 5 10 15 20 


Total kw per frame of given length 

Fig. 210.—Comparative radiating capacity of the same size resistor frames using different 

spacings of grids. 

tinuous service; curve 2, for a cycle of duty, in which the resistor is in 
circuit for 2 min. out of every 4 min., with 2 min. of rest between. Curve 
3 represents a duty cycle of an ordinary shop crane of 1-min. service and 
3 min. of rest. Curve 4 represents a duty of 30 sec. with 3 to 5 min. of 
rest. Curve 5 is a duty of 15 sec. in each 4 min. Curve 5 corresponds to 
ordinary starting duty. In making these tests, it was found that the 
spacing between the grids was an important factor and preliminary tests 
were made to determine the most economical spacing. Similar data 
should be obtained for any form of resistor used, so that an intelligent 
application can be made. 

The effect that the spacing of the grids has upon their radiating capac¬ 
ity is shown in Fig. 212. Standard grids were used and the spacing 
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between the grids was changed by introducing washers. Curve a shows 
the minimum spacing. Curve b shows the effect of increasing this spacing 
by 34 in. Curve c shows the effect of increasing it by % in. Further 
tests were made by increasing the spacing J4 in*, but the results were 
practically the same as with the % in. increased spacing, showing that 
the economical limit had been reached for that particular design. The 
curves show very clearly the increase in capacity with a rise in temper¬ 
ature. Where the grids are spaced close together, the increase in capacity 
per degree rise of temperature is less than for the wider spacing. The 



Fig. 211. Comparative heat absorption of two resistor frames of the same length having 

different number of grids. 

tests show that if the resistor is used for continuous or intermittent duty, 
considerable material can be saved by a proper spacing of the grids. 

The economical arrangement of the grids is more clearly shown in Fig. 
210. The duty cycle is for light intermittent duty. The solid-line curve 
was obtained from a frame of 30 grids with narrow bosses, and the dotted- 
line curve from a frame of 18 grids with wide bosses. The frame was of 
the same length in both cases. The curves indicate that the frame of 
wide-boss grids radiated more energy than the one with narrow-boss grids. 
It is therefore a better frame, costs less, and is lighter in weight. The 
same relation could be shown if similar curves were plotted for heavy 
starting duty and heavy intermittent duty. 

For light starting duty the time cycle is so short that most of the 
energy is absorbed by the resistor material itself, and radiation has less 
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effect. Therefore, the grids for this duty are spaced much closer together 
and the capacity is determined largely by the weight of the material and 
less by the radiation. From a heat-absorption standpoint, for light start¬ 
ing duty, the narrow-boss grids are better, as is shown in Fig. 211. 

In the designing of resistors, certain arbitrary assumptions must be 
made, as it is manifestly impossible to predetermine the exact cycle of 
operation for many applications. The National Board of Fire Under¬ 
writers has adopted tests for starting rheostats that have proved very 
satisfactory for general-purpose starters. They are based on the average 



Fig. 212.—Relation between the spacing of cast-iron grids and temperature rise. 

operating conditions that must be met when the motor is started, and 
provide a sufficient factor of safety to give protection against fire hazard. 
Where the rheostat is used for speed regulation, its design is a simple mat¬ 
ter if the load is known. Ordinarily, the requirements may be grouped 
as to duty into two classes—one known as “constant torque,” where it is 
assumed that the current remains practically constant throughout the 
entire speed range and is equivalent to the full-load motor current, and 
another known as “fan” duty, where it is assumed that the current is 
approximately proportional to the speed of the motor. 

The more difficult applications are for intermittent duty, such as crane 
service. The general-purpose crane used in an ordinary machine shop 
or foundry operates over a wide range of load and for varying intervals 
of time. An early analysis of this problem caused manufacturers to rate 
their resistors on the basis of different loads for different time intervals, 
assuming that if a heavy load were being lifted it would occur seldom 
and the time interval, therefore, could be made relatively short. The 
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same resistor could be used for an average load operating for a longer 
period, etc. This method of rating became quite complicated and did not 
prove practical. An accumulation of data indicates that resistors for 
crane duty may be divided into two classes: those for general-purpose 
duty, and those for heavy duty, such as those needed in certain operations 
in steel mills. 

Other applications may be similarly analyzed. In order to make it 
easy to express resistors in a definite way, The National Electrical Manu¬ 
facturers Association adopted the resistor classification shown in Table 2. 
The horizontal lines classify the resistors according to the percentage of 
full-load motor current that is obtained when all of the resistor is in the 
circuit, and the vertical lines represent the service conditions. 

The starting- and intermittent-duty resistors in the classification table 
are designed primarily for use with motors requiring an initial torque 
corresponding to the current value for the class of resistor specified and 
requiring a root mean square accelerating current not more than 125 per 
cent of the full-load motor current. 

If the resistor is tested without its being connected to a motor, it 
should be connected to a line voltage that will give the initial current 
specified, and the steps should be cut out at equal intervals in the “ time- 
on’^’ period of the cycle specified; the current at no time during the cut¬ 
ting-out period should exceed 125 per cent of the rated value. This test 
should be repeated, at the intervals specified, for 1 hr. If resistors are 
desired for a longer time period than that shown in Table 2, the next 
higher class number to the right should be selected; if a higher starting 
torque is required, the next larger class number in the vertical column 
should be selected. 

The amount of speed reduction obtained with a resistor in series with 
the armature or in the secondary of a slip-ring motor depends upon the 
load on the motor, and may be obtained from the following formula: 


Speed reduction obtainable 
in per cent of full¬ 
load speed 


actual load torque 
required in per cent 

_ of full load _ 

torque given in column 
under particular 
motor used 


X 100 


For example, consider a wound-rotor motor with Class 95 resistor 
connected to a load requiring 70 per cent torque at slowest speed; this 
will give a speed reduction of 

7 ? 150 X 100 or 47 per cent 

The current taken from the line during the starting period is less than 
would be obtained by dividing the effective voltage by the ohms resist- 
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ance. This reduction in current is caused by the inductive effect and the 
resistance in the lead wires and motor circuit. For the average applica¬ 
tion, the peak current during acceleration can be assumed as approxi¬ 
mately two-thirds of the calculated value. 

It is found in practice that the results obtained by different engineers 
agree very closely, so that the product of different manufacturing com¬ 
panies is on the same basis. The ordinary method of procedure is to 
divide the resistor into steps that follow a geometric progression. This 
can be worked out and tabulated for quick reference, as shown in 
Table 3. 


Table 3.— Method of Proportioning Starting Resistors, N.E.M.A. Class 135, 
for D.c. Shunt and A.c. Wound-rotor Motors 



No. of 





Step 




steps 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Per cent ohms. 

1 

100 









Per cent full-load amp.... 

44 









Per cent ohms. 


72 

28 








Per cent full-load amp.... 

2 

30 

44 








Per cent ohms. 


55 

30 

15 







Per cent full-load amp.... 

3 

26 

35 

44 







Per cent ohms. 


45 

28 

17 

10 






Per cent full-load amp.... 

4 

23 

30 

38 

44 






Per cent ohms. 

! 

37 

26 

17 

12 

8 





Per cent full-load amp.... 

5 

20 

29 

34 

39 

44 





Per cent ohms. 

6 

32 

24 

17 

12 

9 

6 




Per cent full-load amp.... 

19 

26 

30 

35 

39 

44 




Per cent ohms. 


18 

21 

16 

13 

9.5 

7 

5.5 



Per cent full-load amp.... 

7 

18 

24 

29 

33 

36 

40 

44 



Per cent ohms. 

8 

25 

20 

15 

12 

9.5 

7.5 

6.5 

4.5 


Per cent full-load amp_ 

17 

23 

28 

30 

34 

38 

40 

44 


Per cent ohms. 

9 

23 

18 

15 

12 

9 

8 

6 

5 

4 

Per cent full-load amp.... 

12 

22 

26 

29 

33 

35 

38 

41 

44 


The method of calculating the ohms per step in a given resistance 
takes the form of a geometric series, —R + RX i + RX 2 + RX&, etc., 
where R is the internal resistance of the motor and controller and X is 
the ratio of maximum and minimum accelerating current. The deriva- 
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tion of this formula can be obtained from textbooks on the subject or 
from electrical handbooks. The values obtained from such a formula are 
based entirely upon Ohm’s law and do not take into account the effect 
of inductance in the circuit. The formula is sufficiently accurate, how¬ 
ever, for most calculations. 

The total number of ohms in a resistor is fixed by the classification 
number and the full-load current of the motor, and the number of sec¬ 
tions of a resistor is determined by the steps on the controller, so that 
a designer can refer to the table, using the line corresponding to the steps 
in the resistor that he wishes to design, and then divide the resistor by 



* Fig. 213. 


Energy that can be dissipated in a grid for different lengths of service. 


taking the proper percentage for each step as indicated by the table. 
This results in a uniform product’s being obtained with respect to the 
total ohms in the resistor, and its subdivision into steps. 

It is more difficult to determine the capacity for each resistor step. 
Data for this part of the design must be obtained from actual tests. A 
resistor radiates heat in proportion to the fourth power of its absolute 
temperature (Fig. 213). This means that an increase in the hot-spot 
temperature from 250 to 350° C. will materially increase the heat-dissipat¬ 
ing ability of the resistor and, therefore, increase the factor of safety. 
Cast-iron grids show a dull-red heat at 600° C., which ordinarily will not 
damage the grids. 

Unfortunately, this direct relation between temperature and radiating 
capacity is materially affected by the method of mounting and the circu¬ 
lation of the cooling air. If one cast-iron grid were located where there is 
a free circulation of air, this law would be followed very closely, but, as 
they are ordinarily manufactured, cast-iron grids are assembled in frames 
of from 20 to 30 grids. These frames, in turn, are mounted in boxes with 
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several other frames, so that the ultimate radiating capacity of the entire 
resistor depends upon the complete design. 

The effect of increasing the time a grid resistor is in circuit is shown 
in Fig. 214. This curve was obtained by applying a definite load to the 
resistor for the time interval corresponding to each classification given in 
the table. The values plotted were the average hot-spot temperatures 
obtained. The actual temperature on test would first increase while the 
load was applied and then decrease during the off period. At first this 
difference in temperature was quite marked, but after the test was con- 
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Fia. 214.—Relation between the time and the load required on a grid resistor to reach 

250°C. use. 


tinued for 1 hr., only a small variation was observed between the maxi¬ 
mum and minimum temperatures, the average of which, therefore, was 
considered as representing the actual temperature of the resistor for that 
class of service. A number of tests had to be made to determine the 
amount of energy that would correspond to a 250° C. rise for each duty 
cycle. The curve shows that a resistor that has a continuous capacity 
of 240 watts will have 475 watts capacity on heavy intermittent duty, 
and still higher values for the other classifications. 

With test data of this kind available, a curve can be plotted, as in Fig. 
215, showing the relation between the length of time in seconds during 
which the resistor is in circuit out of each 4-min. period, and the per¬ 
centage of continuous current to give equivalent heating. This last curve 
forms the basis of an actual resistor design. In Table 3, for each number 
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of resistor steps two values are given. One value is the percentage of 
total ohms in each step; the other is the percentage of full-load current 
that each step will carry continuously. In designing resistors, it is 
assumed that the first step of starting- and intermittent-duty resistors 
will be in circuit a smaller number of seconds than the last step. This 



Fig 215 —Relation between continuous and mteimittent duty for various time cycles. 
Values are plotted for one particular size of resistor and aie based on a temperature rise 
of 250°C. 


gives a tapered capacity, so that the percentage of full load that the grid 
is capable of carrying should be smallest on the first step and increase 
with each step up to the last. It will be noted from Table 3 that on the 
first step of a three-step resistor the cur¬ 
rent is 26 per cent of the full-load cur¬ 
rent and on the other steps, 35 to 44 
per cent, the intermediate steps being 
tapered. 

All the foregoing data were taken 
from one particular design and are not 
applicable to any other design. They 
are given because they show clearly the 
relation that exists between the tern- 



perature of the grid and the current 
passing through the grid for different 
conditions, and they serve to illustrate 
how the design problem is worked out 


Fig 216 —Parts of a Bradleyunit 
compression disk resistor. Graphite 
disks, insulated steel tube, end plug, 
and pressure plug. (Courtesy of Allen- 
Bradley Company.) 


in practice. A different table is required for each size and type of resistor 
unit, and a different table for each resistor classification. For each ohmic 
value of grid of the same design it will be found that there is a slight varia¬ 
tion in the watts per unit between the high and the low ohmic values, but 
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this difference is not very great, and it is sufficiently accurate to use an 
average value. 

As has been previously explained, the arrangement of the units in the 
resistor box or frame is determined by test. This also applies to the 
grouping of resistor frames; i.c ., for light starting duty the resistors can be 
grouped close together, but for intermittent and continuous duty a greater 



Tig 217 Rear view of wall-mounted 
btaiter, showing Bradleyunits, staiting 
lever, and pressuie equalizer asseinbh 
Smooth motor acceleration is obtained. 
(Courtesy of Allen-BiadU y Company ) 


Fig. 218. —Resistor element foi Pig. 217 
startei The hist motion of the opeiating 
handle closes the contacts A A; a further 
motion com pi esses the disk B of the resistoi 
element The insulating tube C is made of 
aic-iesistant quartz, and the vaporized 
quaitz lias an aic-quenching effect when 
the contacts aie opened. 


space is required. The total energy dissipated in starting small motors is 
not great and the arrangement of the frames is simple. Where large 
motors are used, it is desirable not to stack the resistor frames more than 
three high, and considerable space should be left between tiers of frames. 
Care should be taken to ensure a freo circulation of air around all the 
resistor frames. Their capacity will be materially limited if they are 
located in the corner of a room or protected by partitions in such a way 
that the circulation of air is restricted. In arranging the grids in tiers, 
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the frames should be located in such a way that the heat will be dis¬ 
tributed equally among the tiers. 

Each application for controllers must be studied and the classification 
of resistor should be selected after the operating data are obtained. The 
same classification of resistor may not be equally well adapted for the 
same type of service in different mills and industrial establishments. It 
is, therefore, difficult to give a definite classification for every application. 



Fig 219 —Westinghouse motoi-operated rheostat. 

Any engineer having occasion to select control equipment for a par¬ 
ticular application realizes the importance of such data. The manufac¬ 
turer of the control equipment may not have actual test data available for 
the particular application and, therefore, must use the average data in his 
possession. The more generally these data are used, the more nearly 
will the table represent average conditions. With these average condi¬ 
tions and their probable limits of error known, the application of resistors 
from the classification table will be made relatively simple and both manu¬ 
facturer and user will be benefited. Any engineer having difficulty with 
resistors on a particular application and finding that he has selected the 
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correct classification may then examine this particular application with 
a view to determining in what way it differs from the normal. P. B. Har- 
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Fig. 220.—Electric Controller and Manufacturing Company controller with time-cur- 
rent acceleration and a motor-driven rheostat. Note the resistor mounted at the top in a 
ventilated enclosure to form an integi al part of the controller. 


wood in his book, “ Control of Electric Motors,” gives additional infor¬ 
mation for resistor design. 







CHAPTER XV 

MANUAL CONTROLLERS 


This chapter will deal particularly with manual controllers of the 
reversing type, which may be used for regulating the speed of the motor 
as well as starting, stopping, and reversing. A manual controller is one 
that has all its basic functions performed by hand. It is the opposite of 
a power-operated controller. The manual controller may be complete 
in itself or may form only part of the control equipment, as a master 
switch. The term “controller” is a broad designation. A controller 
used for accelerating a motor to normal speed in one direction is usually 
called a “starter.” Types of faceplate starters are shown in Chap. II. 

TYPES OF MANUAL CONTROLLERS 

The Drum Controller,—The drum controller is the best known and, 
at present, the most commonly used form of manual controller. When 
it is used only for reversing a motor, it is known as a drum reverse switch, 
but generally it has additional points for acceleration and speed control. 
Types of drum controllers are shown in Fig. 221. The controller consists 
of a series of stationary fingers that engage segments on the surface of a 
cylinder or drum. The cylinder is revolved by a handle and is enclosed 
in an iron case with a sheet-iron cover. The fingers may be mounted in 
a single row on one side of the drum or in a double row, on opposite sides 
of the drum. 

The drum cylinder usually consists of one or more castings clamped 
to an insulated square or hexagonal steel shaft; copper straps are attached 
to the outer surface for engaging the contact fingers and are sometimes 
provided with removable arcing tips. In some controllers the drum cast¬ 
ings are made of brass or copper and engage the fingers directly without 
the use of removable contacts, but in most cases the drum is provided 
with removable contact segments. 

The drum shaft has a notched wheel attached either above or below 
the drum. This is called a “star wheel,” the notches corresponding to 
each of the operating positions of the controller handle. Whenever a set 
of contacts is in its proper position on the drum, a roller is forced into one 
of the notches on the star wheel by means of a spring. This indicates the 
exact operating position of the handle for each notch. 

The most important item in the design of a drum controller is the 
contact finger, of which many different types have been made. Each 
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Fig 221. —General Electric drum controllers 
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manufacturer has a particular design which he features and which has 
its advantages and limitations. Figure 222 shows one type of finger that 
contains all the elements usually found in the various designs. There is 
a contact-carrying part that engages with the surface of the drum and 
is flexibly mounted on a finger base. The pressure between the drum 
and the finger is maintained by a spring, and the current passes from the 
finger to the terminal through a flexible shunt. The finger base is 
securely clamped to an insulated iron base and is sometimes provided with 
an arc shield between it and the drum. 



Fig. 222.—Wehtinghouse dium conti ollei segment and contact finger. 


When the controller is in the Off position, the fingers are not in con¬ 
tact with the surface of the drum, being opposite the cutaway portion of 
the drum. When the drum is rotated toward the finger base, the copper 
straps on the surface of the drum engage the contact fingers, lifting them 
and causing them to ride over the copper surfaces. The ends of the 
fingers are bent outward so as to strike the straps on the drum obliquely 
and are thus lifted without being stubbed. When the finger and the drum 
are in contact and the drum is rotated away from the finger base, the 
finger, being in tension, is under little strain; but when it is first engaged 
by the drum, it is in compression and must be of sufficiently rigid con¬ 
struction to withstand the strain then exerted upon it. When they are 
in contact, the fingers are lifted through a distance of a stop on 

the finger permitting it to be adjusted to obtain this condition. Sliding 
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on the drum wears the finger away, so that it must be adjusted from 
time to time to maintain the proper contact pressure. 

When returning the drum to the Off position, the contact segment in 
moving away from the finger forms an arc. This arc is established on 
one side of the contact surface of the finger and at the edge of the drum 
segment, so that the burning does not take place on the parts ordinarily 
carrying current. A magnetic blowout is usually supplied with direct 

current controllers to extinguish 
this arc. The blowout may consist 
of a single coil and a common mag¬ 
netic circuit for all of the different 
fingers, or an individual blowout 
may be attached to each finger. 
The latter arrangement gives better 
results, but its extra expense may 
not be justified except for heavy 
duty. 

The current that a contact 
finger will carry depends upon the 
width of the finger and the pressure 
between it and the surface of the 
drum. Tests indicate that if this 
pressure is in excess of 10 lb. per 
in. of width some form of lubricant 
should be used or the cutting be¬ 
comes excessive. The best form of 
lubricant is a good grade of vaseline 
spread thinly over the drum seg¬ 
ments. Most controllers are de¬ 
signed for contact pressures less 
than that given above, so that the 
lubricant is not necessary, although 
Fm. 223. Westmghouse cam controller, jf the drum is kept clean and lubri¬ 
cated the contact fingers will last longer. 

The armature resistor is almost always mounted separate from the 
drum controller. Where the controller provides for both armature and 
field control, the resistor for the field rheostat may be mounted as part of 
the controller. The ordinary reversing controller can be assumed to 
have a separate armature resistor* 

The Cam Controller.—Cam controllers have the same general appear¬ 
ance as the drum controllers and are mounted and operated in the same 
manner, but the contact element is different. In place of the rotating 
cylinder is a shaft carrying a set of cams, which engage and close a series 
of contactors that replace the drum fingers (see Fig. 223). 
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The contact mechanism is illustrated in detail in Figs. 224-226. It 
consists of a stationary element, which may or may not be provided with 
a blowout, and a movable element held open by a spring and closed by a 
cam. The action of this contact is exactly the same as that of the 
magnetic contactor and the same contacts are used. 



Fig. 224. 



Fig. 225. Fig. 226. 

Figs. 224-226.—Details, of contactors used in cam controllers. The contactors may 
also be clamped to insulated plates instead of bais. These contacts are of the rolling type 
—note the action dunng closing. The contact is established at the tips and rapidly trans¬ 
ferred to the heel or lower portion of the contacts during the closing process. This process 
takes place by a lolling action. When opening the process is reversed, throwing all of the 
arcing to the tip of the contact. 


The illustration shows the three positions of the contact: (1) when 
open; (2) when just touching at the tip, and (3) when it is entirely closed, 
making contact at the heel. In opening it the process is reversed. This 
rolling action from the tip to the heel and back again in opening causes 
the arc to be broken at the tip and the current to be carried at the heel. 
By the use of rolling action instead of a sliding action in closing, the 
mechanical wear is eliminated and much heavier pressures can be used* 
A more complete discussion of this contact is given in Chap. IV. 
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The current is carried from the movable contact to the terminal by- 
means of a flexible shunt; one end of the spring is insulated so that no 
current can pass through this member. On account of the spring's being 
located a considerable distance away from the contact, it is not directly 
affected by the temperature of the contact or the arcing and is, therefore, 
in no danger of having its temper drawn, owing to excessive loads. 

The movable contact is attached to a block, which in turn is fastened 
to the hinge member. The surface between this block and the hinge 


'■ 3 * 



9 


a b 

Iig. 227.—Cutler-ITaminer drum-type mastei switch* a, with cover in place; b , with cover 

removed. 

member is corrugated and one of the holes is slotted so that this block 
can be adjusted to give the proper contact action. After this adjustment 
is made, it should not be necessary to change this block when renewing 
contacts, as all the contact wear takes place at the tip and does not affect 
the location of the current-carrying parts. 

Various combinations of switches can be obtained by changing the 
number of contactors and the shape of the cams. The length of the frame 
can be adapted to the desired combination by changing the length of the 
insulating bars and the sheet-iron cover. 

Both the drum type and the cam type of controllers can be provided 
with either a rotating handle or a lever handle. They may also be 
mounted vertically on the rear of the panel and operated by a handwheel 
on the front of the panel through suitable gearing. If the controller is 
mounted back of the panel with the shaft horizontal, the shaft can be 
extended directly through the panel without the use of gearing. 



MANUAL CONTROLLERS 


215 


Both types erf controllers have been built motor operated. In that 
case, the construction is the same as for manual operation, the handle 
being replaced by a reduction gear and a pilot motor. 

The drum controller is more compact for certain switching combina¬ 
tions, such as reversing. The cam type is easily designed for complicated 







Fig. 228. —Electric Controllei and Manufacturing Company face-plate controller- -known 
to the trade ab the “Dinkey contioiler.” 

switching, and new combinations can be more easily made, as these com¬ 
binations are accomplished by cutting cams of different shapes. The cam 
units can be removed individually without dismantling the controller. 
The same is true of the contact fingers of the drum controllers; however, 
the drum shaft must be taken out to replace drum segments, after which 
it is advisable to true the segments in a lathe before reassembling them in 
the controller. The cam controller has a blowout that compares favor¬ 
ably with that of the magnetic contactor and that is always in the proper 
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direction. Both types when enclosed have a restricted arcing space and 
are, therefore, more limited as to severity of service than are magnetic 
contactor controllers. 

The Faceplate Controller. —One of the most popular forms of manual 
controllers in steel-mill service is known as the Dinkey controller (Fig. 
228). It somewhat resembles the ordinary faceplate rheostat, although 
it is much more rugged in construction. A series of stationary contacts 
are mounted on an insulated base, and a pair of brushes making contact 
with these rotate around a central shaft. The brushes make contact 
between an outer and an inner row of contacts. The handle usually pro¬ 
jects from the top of the controller and actuates the brush arms by means 
of a pinion and gear segment, so that a relatively small motion of the 
handle is multiplied into a large motion of the brushes. The stationary 
contacts are made removable from the face of the controller without 
disturbing the electrical connection. The brushes can also be renewed 
when necessary. The resistor is mounted in the controller frame back of 
the faceplate, the whole forming a self-contained unit. 

A modification of this type of controller, known as the “grindstone” 
type, is now obsolete. The contacts of this controller are mounted 
around the periphery of an insulated base, in the semblance of a grind¬ 
stone, to which fact it owes its name. 

The Compression Type of Controller. —Controllers of the compres¬ 
sion type (Fig. 217) differ from all other types of controllers. Instead of 
a number of contact segments connected to taps on the resistor, several 
columns of graphite disks are used, the change in resistance being obtained 
by varying the pressure between the disks. This form of resistor is shown 
in greater detail in Figs. 216-218. 

The illustration shows the manual type of controller, but other forms 
of this controller are made, using contactors. 

COMPARISON OF TYPES 

The two controllers described last, above, have tne resistor self- 
contained with the switching mechanism, whereas the first two usually 
have separately mounted resistors. The drum and cam types may have 
either a rotating or a lever handle,, but the other two types are always 
provided with lever handles. The four are representative of many that 
are now being successfully used. Other forms of controllers are built 
and doubtless from time to time improvements will arise, but in the 
present state of the art the types described show the principles used in 
all manual controllers. 

Manual Controllers versus Magnetic-contactor Controllers. —The 

advantages and limitations of manual controllers depend to a large degree 
upon their sizes and application requirements. The following fi^t of 
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advantages and limitations should be interpreted broadly, as there are 
many applications for manual controllers that would not justify the use 
of contactor control. 

Advantages .—The advantages of a manual controller, as compared 
with a magnetic-contactor controller, are these: 

1. The first cost is less. 

2. The space occupied by the controller is usually less and the weight is less. 
In some applications the weight and £paee requirements are often a determining 
factor. 

3. They are more simple. Manual controllers usually have no electric interlocks, 
so that the wiring connections can be easily followed. 

4. These controllers are readily enclosed to protect them against dust, dirt, and 
moisture. The drum and cam controllers are often made watertight for use on 
shipboard. 

Limitations .—The limitations are as follows: 

1. The larger sizes of manual controllers require more effort to operate and may, 
therefore, tire the operator if frequent use is necessary. 

2. The contacts will wear more rapidly, as their operation is not so positive. fhe 
quicker the contacts are opened and closed, the less is the maintenance cost. 

3. The arcing takes place near the operator. This is not objectionable in small 
controllers, but it is safer to have the main arc-rupturing parts located remote from 
the operator, where a considerable amount of power is being handled. 

4. The larger sizes of manual controllers occupy more space than the master switch 
of the magnetic type and on cranes and some other applications, therefore, a large 
manual controller may interfere with the operator’s seeing his work. 

5. A separate protective panel is required for manual controllers, to obtain over¬ 
load and low-voltage protection, required in many applications. In some watertight 
controllers it has been found necessary to mount the protective panel m the same case 
as the master controller. 


VENTILATING REQUIREMENTS 

In rupturing the arc, ionized gases are produced, which must be 
removed by ventilation. Where the manual controller is enclosed, the 
air space surrounding the arc-rupturing parts is limited and the ventila¬ 
tion is poor. Where the circuit is opened and closed frequently, trouble 
may result from the accumulation of these gases. This difficulty does not 
arise with small controllers and may be avoided in the larger type by 
ventilating the enclosing cover. (These limitations may occur also in 
the magnetic type of controller where the enclosure is restricted.) This 
condition is sometimes overlooked so that a properly designed controller 
has been discredited, whereas improper application was the cause. 

Whatever type or design of controller is used, provision must be 
made for disposing of these ionized gases. The more quickly the arc is 
ruptured, the less gas will be produced. When an enclosed controller 
is used, the arcing heats up the air space within the enclosure and limits 
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the current-carrying capacity of the contacts and other parts. The more 
frequent the arcing, the greater the heating. This is a limitation some¬ 
times overlooked. 

Manual controllers are usually rated either for intermittent duty 
or for continuous duty. Continuous service presupposes only a small 
amount of arc rupturing. Intermittent service must assume a certain 
amount of heat to be generated by the arc. The more frequently the 
circuit is opened, the less time the current-carrying parts will be in circuit, 
and the increase in air temperature inside the enclosure due to arcing, 
therefore, will be counterbalanced by a smaller amount of energy lost 
in heating the current-carrying parts. Conditions may arise, however, 
under which the current is left on longer than was intended, or the current 
is ruptured more frequently than was estimated when the controller was 
rated. Engineering skill, therefore, is required in selecting a controller, 
to determine whether any unusual conditions of this kind exist in a par¬ 
ticular application. 



CHAPTER XVI 


DIRECT-CURRENT MAGNETIC-CONTACTOR CONTROLLERS 

TYPES OF MAGNETIC-CONTACTOR CONTROLLERS 

Magnetic-contactor controllers may be divided broadly into non¬ 
reversing and reversing controllers. Where several contactors are used 
for short-circuiting sections of the resistor in the armature circuit, the 
connections to the operating coils of these contactors can be made in suc¬ 
cession by means of a drum-type master switch. In this case, the motor 
can be operated with more or less armature resistance, depending upon 
the number of contactors whose circuits are closed through the master 
switch. The number of resistance steps can be altered to suit the appli¬ 
cation. The writer believes that one step of resistance is sufficient for 
starting d.c. motors up to 15 hp. 230 volts, where the starting duty is light, 
and that two steps may be used for heavy starting. If it is desirable to 
regulate the speed of the motor, additional steps should be provided. 
The acceleration of the motor quite frequently is automatic, even when 
several running points are provided. 

, Nonreversing Controllers.—Nonreversing controllers are usually 
connected on one side of the motor circuit only and consist of a line con¬ 
tactor, a resistor, and one or more contactors for short-circuiting the 
resistor. A two-pole knife switch or circuit breaker, mounted separate 
from the control panel, is usually required with this type of pontroller, the 
knife switch being connected so that it will disconnect both sides of the 
motor and the controller from the line. The line contactor may be pro¬ 
vided with a bottom contact for short-circuiting the armature of the 
motor through a fixed resistance, to give dynamic braking when the line 
switch is opened. A diagram of a controller arranged for dynamic brak¬ 
ing is shown in Fig. 230. 

In some cases it is desirable to open both sides of the motor circuit 
when the controller is in the Off position. This can be done by providing 
two line contactors. This arrangement, however, is not usually employed, 
as it adds to the expense and opening the knife switch by hand accom¬ 
plishes the same result. The knife switch is needed so that the con¬ 
tactors can be disconnected from the line to renew the contacts or to make 
adjustments. 

Reversing Controllers. —In order to reverse the armature of a d.c. 
motor it is necessary to disconnect both sides of the armature from the 
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line. This necessitates the use of four single-pole contactors or two 
double-pole contactors, two contacts being closed for either direction of 
operation. It is the usual practice to arrange either a mechanical or an 
electrical interlock between these contactors, so that the forward and the 
reverse contactors cannot both be closed at the same time, as this would 
result in a short circuit and might injure the apparatus. The resistor in 



Fig 229.—Cutlei-Hammer magnetic-contactor controller for reversing and plugging service. 

series with the armature is short-circuited in steps by magnetic contactors 
in the same manner as for nonreversing controllers. Frequently the 
resistor is connected directly to one side of the motor, so that the line con¬ 
tactors in their Off position disconnect the armature entirely from the 
line, as is shown in Fig. 231. Since both sides of the motor circuit are 
opened by contactors, the shunt field cannot be connected so that it will 
discharge through the armature of the motor. It is, therefore, good 
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practice to provide the shunt field with a parallel resistance to take up 
the inductive discharge when the field circuit is opened. If this resist¬ 
ance is omitted, a high voltage is generated in the field windings, which 
may ultimately result in puncturing the insulation. 


SCHEME OF MAIN CONNECTIONS 



Fig. 230.—A nonreversing d.c. magnetic-contactor controller. Pushing the Start 
button results in closing line switch 1, which closes the mechanical interlock contacts and 
opens the bottom contacts at lA. The motor then starts, with the starting resistance in 
series. Switch 3 simultaneously short-circuits the field rheostat, ensuring full field as 
long as the starting resistance is in series with thte armature. When the counter e.m.f. 
of the accelerating armature reaches a predetermined value, switch 2 closes and shunts the 
starting resistance out of the circuit. Short-circuiting this starting resistance causes 
switch 3 to open, so that field control is possible by the use of the field rheostat, after the 
motor comes up to speed. The dynamic braking resistance is connected across the arma¬ 
ture terminals whenever switch 1 is open. Series operating coils on l A prevent the motor 
from being started while the heavy dynamic braking circuit is flowing, and also ensure 
good contact pressure. 

The reversing controller can be arranged for dynamic braking by pro¬ 
viding a bottom contact on one of the forward and one of the reverse 
direction switches, so connected that when both of these switches are 
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open the armature will be short-circuited through a resistor, as shown in 
Fig. 232. 

FIELD RHEOSTATS 

Where a controller is used with an adjustable-speed motor, a field 
rheostat is used for changing the resistance of the field circuit to adjust 



Fig. 233.—Squaie D type VG-2 starter for an adjustable speed motor. This starter 
has resistor-shoiting contactors closed in sequence at predetermined intervals after the line 
contactor closes. The timing period for each contactoi is controlled by a pneumatic time- 
delay unit (see Fig. 72). 

the speed of the motor. This field rheostat may be mounted on the con¬ 
troller panel or separate from it. It is considered better practice to mount 
this rheostat separate from the control panel, so that the operator will 
not be required to place his hand close to the magnetic contactors when 
they are in operation. The separately mounted field rheostat can be 
covered, to prevent the operator from coming in contact with any live 
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Line diagram for D. C hme Iimil acceleration 
reversing starter with three points of acceleration 

Fig. 234.—Diagram for controller in Fig. 233. 
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Fig, 235 —Westinghouse cam-type master switch with lever handle and cover removed. 
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parts. Usually the contactor panel is quite large and must be mounted 
in a more or less inaccessible place. The field Rheostat, however, is small 
and can be located close to the master switch. Sometimes the master 
switch and the field rheostat are combined in one unit. 



Fig 236—Westinghouse dium-type master switch 



Fig 237;—General Electiic master switch Fig. 238.—Westinghouse push-button sta- 
for switchboard mounting. tion 


CONTROLLER SUMMARY 

To sum up: A controller is made up of a magnetic contactor panel, 
either reversing or nonreversing, with or without dynamic brake. Some 
form of master switch is provided to operate the controller, and a field 
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rheostat may be added. This gives the essential elements for the control 
of an electric motor. 

MASTER SWITCHES 

The master switch is an auxiliary switch that serves to govern the 
operation of contactors and auxiliary devices of electric controllers. It 



1 ig 239 —General Electiic push-button stations 



Fia. 240 —General Electric heavy-duty push-button station. 

usually takes the form of push button, float switch, pressure switch, 
thermostat, or drum switch. Other forms, of course, are in use, and any 
device that opens and closes the circuit may be used as a master switch. 

The push-button switch is the most common and is perhaps used more 
than all the other types combined. An ordinary start-and-stop push 
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button is shown in Figs. 238 and 239. More elaborate combinations of 
push buttons are used for printing presses, electric elevators, and other 
applications where a complicated sequence of operation is required. 

A float switch is shown in Figs. 112-113 and a pressure switch in Fig. 
111. These switches are used in connection with pumps and similar 
installations. The float switch, as its name implies, consists of a hollow 
metal box used as a float, which opens and closes the master switch for 





Ftg 241 C'utlei-Hammer push-but- Jig 242. —Square D Company waterproof 
ton station with a special Stop push push-button fetation 
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different levels of the liquid in which it is placed. The pressure switch ha* 
a diaphragm, which opens the contacts at the maximum pressure anc 
closes them at the minimum pressure for which it is adjusted. Varioui 
forms of thermostats are used in connection with refrigerating machin¬ 
ery for starting and stopping the motor-driven machinery at differen 
temperatures. 

A master switch of the drum type is shown in Fig. 236. This ii 
usually in the form of a small drum controller and may be operated bj 
the rotation of a handle or with a forward-and-back motion of a lever (Fig 
227). Under this class should be included also switches in which the con 
tacts are arranged on a faceplate instead of a drum, and where the con 
tacts are operated by cams. The drum type of master switch is usually 
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applied where the sequence of operation is more or less complicated; also, 
where frequent operation is required. 

Methods of Operation. —Most master switches may be connected to 
either reversing or nonreversing controllers. Two general methods are 
employed, one of which is known as “low-voltage release” and the other 
as “low-voltage protection.” They are defined as follows: 

Low-voltage Release .—The effect of a device operative on the reduc¬ 
tion or failure of voltage, to cause the interruption of power to the main 
circuit, but not preventing the re-establishment of the main circuit on 
return of voltage. 

Low-voltage Protection .—The effect of a device operative on the reduc¬ 
tion or failure of voltage to cause and maintain the interruption of power 
to the main circuit. 

The reason for making the above distinction is largely a matter of 
safety. If the motor drives a woodworking machine, for instance, the 
machine may be at rest, owing to the absence of line voltage. Under 
these circumstances, the operator might be engaged in adjusting the 
machinery, or for some other reason might have his hands close to the 
cutting tools. If the line voltage is restored at such a time, the operator 
may easily be injured. This applies to a variety of machinery. Gears 
are a source of danger from this cause. These gears are usually pro¬ 
tected under operating conditions, but this protection might be removed 
when the machine is at rest. In order to guard against accident from 
this cause, the master switch is so connected to the controller as to afford 
low-voltage protection. This requires the operator to perform a manual 
operation on the master switch in order to start the motor after it has 
once come to rest because of a failure of voltage. 

Where the motor operates a fan or a pump, it is very desirable to have 
the apparatus start automatically after a failure of voltage. In such 
cases there is little or no danger resulting from the automatic starting of 
the motor, and a great deal of inconvenience and possible danger might 
result from the failure of the motor to start when the voltage is restored 
to the line. The master switch under such conditions is connected to give 
low-voltage release. This arrangement automatically starts the motor 
again, when the line voltage is restored. 

OVERLOAD PROTECTION 

It is usually necessary to provide some form of overload protection 
in connection with the controller. The least expensive form of protection 
is the fuse, usually of the cartridge type. These fuses have a certain 
amount of time element and therefore can be used for control apparatus. 
When a motor is started or during its operation, heavy currents may be 
taken by the motor for a few seconds. These do not injure the motor or 
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the controller, and therefore it is desirable to have a time element in the 
overload device. This occurs to a limited extent when a special type of 
enclosed fuse is used. 

Another common form* of overload protection is a series relay that 
opens a contact by means of a magnet when the current exceeds a certain 
value. These relays should have a dashpot to obtain a time element, so 
that the relay can be given a setting more nearly equal to the full-load 
current of the motor. Thermal overload relays are now more generally 
used for motor protection. See Chap. XX for a description of different 
types. Where a magnetic contactor is used on only one side of the line, 
a single-pole relay may be used with this contactor, but it is necessary to 
use a fuse on the other side of the line. The advantage of a relay is that 
it can be restored to its normal position very easily. The fuse, however, 
must be replaced by a new one. If a combined relay and fuse is used, it 
is usual to select a fuse with a higher rating than the setting of the relay, 
so that under ordinary conditions of overload the relay will operate and 
save the fuse. 

It takes some time to raise the temperature of a motor to a dangerous 
point when it is overloaded. If this overload is within the commutating 
limits of a motor, the additional load will not injure the motor until the 
temperature has been raised to the danger point. This usually takes 
from 5 min. up to a half hour or more, depending upon the size of the 
motor and the amount of overload. If the overload is continued indef¬ 
initely, it will injure the motor, but short periods of operation are per¬ 
missible. The result has been that operators set the overload protection 
high enough so as not to operate on short-time peak loads. Therefore, 
the motor is without any real protection against continuous overloads. 
Very few fuses, overload relays, circuit breakers, or similar apparatus give 
complete protection to industrial motors. They operate in case of short 
circuits or abnormal overloads, but usually they are set too high to open 
on a small overload, which may be sufficient to injure the motor if con¬ 
tinued for a long time. There are time-element overload devices that 
have time elements of 5 to 30 min., instead of 5 to 30 sec., as in the case 
with most of this apparatus. The longer the time element can be made, 
the more desirable it is for the operation of motors. 

It is often stated that an overload relay having a long-time element 
will not operate quickly enough in case of a short circuit or a ground to 
protect the motor. Standard practice, however, requires the use of fuses 
or a circuit breaker at the point where the motor circuit leaves the main 
power wires. The fuses or the circuit breaker at this point must be set to 
protect the wires leading to the motor. If these wires are made a little 
larger than for the full-load capacity of the motor, the circuit breaker 
at this branch point may be set so that it will not operate on normal over- 
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loads of the motor, but will protect the motor under abnormal conditions, 
and also afford protection to the wires leading to the controller. The 
ideal protection, therefore, is feeder protection against short circuit and 
a time-element overload device on the controller that will protect the 
motor against continuous overloads, while permitting overloads for short 
periods of time. 

Overload relays are commonly made up in three forms: 


1. The first allows the armature to return to the open position immediately after 
the overload has been removed. The function of such a relay is to open the line 
contactor. Connections are made so that the contactor will be retained in the open 
position until the master switch is manipulated. 

2. The overload relay is provided with a catch, which holds the armature in the 
closed position and requires the energizing of a separate magnet to release the catch 
and restore the relay to its normal condition. 

3. This is the same as 2, except that the catch is released by hand instead of by a 
magnet. This is objectionable because the operator must place his hand on the device, 
which is in the neighborhood of live parts. 

Arrangement 1 is the most common and is usually preferred, owing 
to its simplicity and cheapness. Arrangement 2 is usually connected to 
the master switch, so that the relay is reset by moving the master switch 
to the center or off position. 


APPLICATIONS 

The magnetic-contactor controllers described above are those having 
the most general application. A few of the typical applications are for 
motors driving line shafting, pumps, machine tools, woodworking machin¬ 
ery; in fact, any apparatus that is motor driven that does not require a 
special arrangement of circuits. 



CHAPTER XVII 


ALTERNATING-CURRENT CONTROLLERS 

Many types of d.c. motors have been built and a variety of methods 
of control have been devised. However, very few a.c. motors, other than 
induction motors, are used in industrial work, and the methods of control 
in common use are quite simple. 

WOUND-SECONDARY MOTORS 

When resistors are used for accelerating or controlling the speed of 
induction motors, they are usually placed in series with the three-phase 
wound secondary of the motor. The ends of this winding are brought 
out to three slip rings on the motor shaft, so that resistance may be 
inserted between each of the three rings. The method of control corre¬ 
sponds very closely to that of a compound-wound motor with only a small 
amount of series field. In studying this type of control and applying it, 
the problem is simplified if the operating conditions are considered to be 
those of the corresponding d.c. motor and no attempt is made to analyze 
the complicated reactions that are taking place in the wound-secondary 
motor. 

This method of control requires the use of a primary switch, which 
should be separated electrically from the part of the control that is 
used for changing the resistance of the secondary circuit. Usually the 
secondary is wound for less than 600 volts, and in standard motors the 
secondary voltage and current do not change materially for different 
primary voltages. This fact makes possible the use of the same second¬ 
ary controller with a number of different primary switches. For a pri¬ 
mary potential of 600 volts or less, air-break switches are used. If it is 
2,200 volts or more, oil switches are frequently employed, although for 
certain classes of service air-break magnetic contactors have come into use. 

Where the motor operates in one direction only, the primary switch 
often consists of a circuit breaker, and either a faceplate or drum-type 
secondary controller is used. If automatic acceleration is required, both 
primary and secondary control consist of magnetic contactors, as shown 
in Figs. 243 and 244. 

If the motor is to be reversed at frequent intervals, a drum controller 
having both primary and secondary switches is generally used for small 
motors. Large motors usually require magnetic contactors, in which case 
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the same master switches and the same method of overhead protection 
may be employed as for d.c. control. Low-voltage release or low-voltage 
protection can be obtained in the same way. 

There are several methods for arranging the resistors in the secondary 
circuit of wound-rotor motors. In each case, sections of resistance are 



H * & 



' I 

"I 


Fig 243 —General Electric controller for wound-secondary induction motors 4-pomt 

150 amp 

short-circuited by contactors One* method consists of short-circuiting 
these sections simultaneously on all three legs of the circuit This keeps 
the resistance balanced and is theoretically the best method to employ. 
It requires the use of two contactors or their equivalent for each step of 
control. 

A more economical method consists in short-circuiting the resistor in 
one leg of the circuit at a time. This requires the use of only one con¬ 
tactor per step and uses the control equipment to much better advantage 
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Theoretically the unbalancing that results from this method of control 
is objectionable. A careful analysis of this problem shows that when the 


Push-button 

station 

Stop Sfarf 
I ' t 


From three-phase line 

T4? 


SCHEME OF SECONDARY 
CONNECTIONS 



Fig. 244.—Automatic controller for a three-phase induction motor. Contacts 1-10 are 
held open mechanically when switch 1 is open and closed when switch 1 is closed. Contacts 
x-2 are held open by a spring when switch 1 is open, and the spring pressure is released 
when switch 1 closes. These contacts are still held open magnetically, however, until the 
current in the coil DE drops below a predetermined value. Contacts x-3 and x-4 are 
similarly interlocked to switches 2 and 3, respectively. The interlock at the bottom of 
switch 4 is thiown to the right when the switch is open and to the left when the switch is 
closed. 

Pushing the start button causes line switch I to close, and this switch is held closed 
through contacts 1-10 after the start button is released. Switch 2 is closed through circuit 
rr-2-20-2/ as soon as the curient in coil DE drops below a predetermined value. Switches 
3 and 4 are similarly closed automatically when the current in D\Ei and DiE? drops below 
the predetermined value. The interlock below switch 4 interrupts the control circuits to 
switches 2 and 3, allowing them to drop open, and holds switch 4 closed independently of 
the interlocks of switches 2 and 3. Pushing the stop button interrupts the control circuit 
of switch 1, causing it to open; and this action opens contacts ar-2, allowing switch 4 to open. 


unbalancing is properly arranged the performance of the motor is not 
materially changed from balanced operation, and a number of other 
advantages are secured. 1 

1 An analysis of the problem of unbalanced secondary operation is discussed in 
detail in a paper by A. A. Gazda, presented before the A.I.E.E. in February, 1917. 
His theoretical analysis was carefully Checked by test, so that the results given repre¬ 
sent actual operating conditions. 



















Master switch 

Fig. 245. —Liquid controller for large wound-secondary induction motors. 
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Fig. 247.—Vector diagram of current with switch No. 1, Fig. 246, closed. 



simplified diagram of connections, together with a sequence table. When 
the motor is first started, the current in each phase of the secondary is 
equal and no unbalancing occurs. When switch No. 1 is closed, we will 
assume, the resistance in one phase is only half the value in the other two. 
The difference between the maximum and minimum currents in the sec¬ 
ondary, however, is only 30 per cent. This is shown in Fig. 247. The 
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normal full-load current in the secondary would take an intermittent 
value between the 100 per cent current in two of the phases and the 130 
per cent current in the third phase. The actual full-load current corre¬ 
sponding to this condition would be approximately 111 per cent, which 
represents an overload in one phase of 17 per cent. Switch No. 2 is now 



Fig. 248.—Vector diagram of current with switch No. 2, Mg. 246, closed. 


closed, giving a low resistance in two phases and a high resistance in 
one (see Fig. 248). Assuming that the low value of current is 100 per 
cent, the other two phases will have current of 150 per cent. The equiva¬ 
lent balanced current for this combination is 135 per cent, which repre¬ 
sents an overload of approximately 11 per cent in two of the phases. 


Table 4.—Operation of 40-hp. Three-piiase 60-cycle 220-volt Induction Motor 
with Various Values of External Secondary Resistance 


Resistance 
in ohms 
per leg 

Primary 

volts 

Primary 

amperes 

, 

1 

Equivalent balanced 
primary amperes (r.m.s.) 

Secondary 

amperes 

Equivalent balanced 
secondary amperes (r.m.s.) 

Speed 

in 

r.p.m. 

Pound- 

feet 

torque 

Power 

factor 

0.81 

0.81 

0.81 

220 

218 

220 

114.8 

109.2 

110.8 

111.8 

77.2 

76.8 

76 

76 7 

415 

242 

78.6 

0.81 

0.81 

0.39 

220 

218 

220 

117.7 

110 

114 

114 

64 4 

90 1 

79 2 

78 6 

520 

242 

77.15 

0.39 

0.39 

0.81 

220 

218 

220 

117 

110 

114 

113 8 

90.0 

62 3 

79 5 

78.4 

600 

242 

77.5 

0.39 

0.39 

0.39 

220 

218 

220 

111.7 

104 

110 

108.7 

75 2 

75.2 

74 8 

75.15 

660 

242 

79.7 

0.13 

0.13 

0.39 

220 

218 

220 

114 

108 

112 

111.4 

90.7 

55.4 

81.7 

77.2 

768 

242 

78.4 

0.39 

0.39 

0.13 

220 

218 

220 

114 

108 

111 

111.2 

63 

92 6 

72 4 

77.1 

723 

242 

78.2 


When switch No. 2 is closed, the currents in the three phases are bal¬ 
anced. Other values of resistance can be used and the analysis be worked 
out for each combination. 

Unbalanced currents in the secondary cause the primary to draw a 
low-frequency current from the line. This is caused by the single phase 
component of the secondary field. B. G. Lamme 1 has explained this very 
1 Lamme, B. G., Elec . Vol. 12, p. 394. 
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fully for the extreme case in which one phase of the secondary is open 
circuited. 

The heating effect of the unbalanced currents in the secondary of the 
motor is distributed in proportion to the squares of these currents, the 
total heating being equal to the sum of the squares of the currents, thus 
Ji 2 + / 2 2 + J3 2 . In other words, the heating in the motor is distributed 
throughout the motor and the rating of the motor is not limited by the 
maximum current in any one phase. These results have been verified by 
actual test. The secondary loss was found to be only 5 or 10 per cent 
higher unbalanced than balanced (see Table 4). 

The rating of a motor of this type is dependent largely upon ventila¬ 
tion. When it is running at a slow speed, the fan action of the rotor is 
very much less than at full speed. This fan action varies as the square of 
the speed. The load that the motor carries depends to a considerable 
extent upon this fan action, and, therefore, the temperature of the motor 
with a given torque will be much higher at a slow speed than at the high 
speed. The effect of this variation in speed is considerably greater than 
any effect due to unbalanced currents. In applying these motors, it is, 
therefore, necessary to limit their torque at slow speeds. This informa¬ 
tion can be obtained from the data furnished by the motor manufacturers. 

Certain applications require a low initial starting torque. This can 
be very readily obtained by connecting the motor secondary in single 
phase, leaving one leg of the resistance open circuited. Under these con¬ 
ditions, the motor will exert a starting torque equivalent to approximately 
two-thirds of the torque that would be obtained with the same amount 
of resistance in each leg and all three legs in circuit. Since the first 
notch of the controlled gives a relatively low torque, not much work is 
being done by the motor and it is entirely satisfactory to operate, single 
phase. This reduces the amount of resistance required. A standard 
controller can be connected as shown in the diagram lh Fig. 249 to give a 
single-phase secondary operation on the first notch. If the resistance 
furnished with the motor gives half full-load torque with the secondary 
balanced on the first notch, the controller can be reconnected to start the 
motor single phase and obtain a starting torque of only 33 per cent of 
full-load torque. This is an easy way to adjust the starting torque where 
a low value of resistance is required, and it reduces the amount of resist¬ 
ance required for a given installation. 

The speed-torque characteristics of a polyphase motor operating with 
a single-phase secondary winding are explained in Chap. VII and illus¬ 
trated in Fig. 106. 

For motors of 200 hp. and larger, the secondary control may consist 
of a liquid controller (see Fig. 245). Each phase of the secondary of the 
motor is connected to a series of iron plates. These iron plates extend 
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down into a tank, which may be filled with an electrolyte, usually car¬ 
bonate of soda and water. These plates are of different depths and so 
arranged that the number of plates, as well as the immersed area, increases 
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Fig 249 —Cam controller 


as the water level rises. By the proper proportioning of these plates 
the desired acceleration can be obtained. In Fig. 245, the iron plates or 
electrolytes extend into the upper tank, while underneath is a larger tank 
used for storing and cooling the electrolyte. A centrifugal pump, driven 
by a small motor, lifts the electrolyte from the lower into the upper 
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tank. A valve, or weir, in the upper tank can be adjusted to give any 
desired level and is operated by the same lever that operates the master 
switch. A master switch controls contactors in the primary of the motor. 
A movement of the operating lever in either direction first operates the 
master switch to close the primary circuit of the motor with a small 
amount of electrolyte in the upper tank. A further movement of the 
lever increases the height of this electrolyte until full speed of the motor 
is obtained. The pump has only a limited capacity, so that an appreci¬ 
able time elapses between the movement of the weir and the increase in 
the height of the electrolyte; this time element can be adjusted so that the 
minimum period of acceleration is fixed at a safe value. The weir is 
large enough to permit the electrolyte to discharge very rapidly, so that 
when the lever is thrown quickly from the forward to the reverse direc¬ 
tion the electrolyte will be at approximately its minimum level when the 
primary switches are reversed. The continual pumping of the electrolyte 
from the lower tank to the upper tank and the discharge through the weir 
causes a rapid circulation and dissipates the heat energy with a minimum 
amount of steaming. 

The advantages of the liquid controller are (1) its simplicity, (2) its 
large thermal capacity, which enables it to sustain heavy overloads for 
short intervals of time, and (3) the absence of definite notches or steps, 
so that absolutely smooth acceleration is obtained. In this country there 
has been little demand for this form of controller in small sizes, partly 
because of a prejudice against the use of liquid and partly because the 
other forms of controllers are usually cheaper for small motors. 



a b c 

Fig. 250 —Allen-Bradley full voltage starter for a small squirrel-cage induction motor. 
Arranged for mounting in a plastered wall In o, the starter is mounted within its enclosure, 
b, the starter mechanism is on its mounting bracket; c, is the cover plate 

SQUIRREL-CAGE MOTORS 

Full-voltage Starters. —Many squirrel-cage motors are started by 
connecting the primary to the power supply without external current- 
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limiting means. Such starters consist of a three-pole magnet contactor 
(for three phase) operated by a push button. Thermal overload relays 
are usually provided as they have enough time delay to remain closed 
during the starting period and yet be set low enough to protect the motor 



Fig. 251. —Westinghouse 100-amp. lincstarter of unit for a squirrel-cage induction 
motor, a, Unit assembly on steel panel. No back or panel wning. For “built-in’* 
applications, b. Accessible “right-angle” terminals can be turned in any direction for 
most convenient wiring, c, Arc-box support also serves as blow-in coil to force arc quickly 
into “deion” arc quencher, d, Arc box removed to show heavy duty copper contacts, 
c, Large bearing with nitrided shaft. /, Shunts located to prevent localized bending. 

g , Long contact springs—no appreciable change in contact pressure as contacts wear. 

h , Overload relay, j , Heater removed to show straight bimetal strip, k , Ample contact 
area for heater terminals prevents localized heating. I , Reset push rod. m, Quick-break 
silver contacts on overload relay, n , Control-circuit terminals, o, Electric interlock with 
double-break silver contacts, p , Vertical operation of the magnet prevents accidental 
closing from mechanical shock or tilting, q , Coil, r, E-shaped magnet, s, Entire assem¬ 
bly can be removed from cabinet by taking out three accessible machine screws, t, “De¬ 
ion” arc box. 


from continuous overload. The branch-circuit protection takes care of 
short circuits. The motor current at start will be from four to six times 
full-load current, but it lasts only 1 or 2 sec. It drops rapidly as the 
motor speed increases. A momentary drop in voltage may affect the 
lights, but the drop will not be enough to be noticed where a substantial 
power supply is available. 
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Public-service companies limit the size of motor that can be started 
in this way from their network systems, depending upon the motor 
location. Motors are available that have reduced starting current at full 
voltage. 

Fractional horsepower motors are started with a manual switch having 
a thermal overload trip. These motors are usually single phase. Motors 
of 1 hp. and larger are usually three phase. 

The current taken by an induction motor in starting can be limited by 
placing resistance in series with the primary and using a short-circuited 



Fir.. 252.—General Electric 2-hp. starter for squii rel-cage motors with two thermal relays. 

Fig. 294. 

secondary. This form of secondary is commonly known as a squirrel- 
cage secondary and the motor is spoken of as a squirrel-cage motor. If 
resistance is used in series with the primary, the current will be reduced 
in proportion to the resistance inserted. The torque of the motor, how¬ 
ever, will decrease as the square of the voltage across its terminals. This 
method of starting (see Fig. 257) is very simple and inexpensive and is 
often used with small motors. There are a few applications for large 
motors that will require 90 per cent of normal voltage to start, where 
this form of starter would be more satisfactory than the transformer type. 
The maximum current is taken at the time the motor starts from rest, 
and this current gradually decreases as the motor increases in speed, so 
that the voltage on the terminals of the motor will gradually increase, as 
the drop through the resistance is proportional to the current. 
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Autotransformer Starters.—Many squirrel-cage induction motors 
are started by using a transformer to apply a reduced voltage to the 
primary of the motor. The advantage of a transformer over a resistor 
is that the reduced voltage is obtained with little or no loss in power, 





* * 


Fig. 253.—General Electric oil-immersed three-pole magnetic switch for use in corrosive 
atmospheres or exposed to the weather. This switch is provided with two overload relays 
(Fig. 295) and interlocks for low-voltage protection. It can be used as a full-voltage 
starter for squirrel-cage motors or as a line switch for any type of control, a, Tank lowered; 
b tank raised in place. 

and therefore the current drawn from the line is less than the current 
taken by the motor in the ratio of the starting voltage to the line voltage. 
The connections commonly used for this type of starter are shown in Fig. 
258. The transformer has only one winding and is usually called an 
“autotransformer.” The complete device is often called an “auto¬ 
starter” or a “compensator.” 
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The relative values of current in the different circuits during starting 
are shown on the diagram, not including losses in the transformer. These 
values of current are given merely to bring out the saving in power that 
T results from this method of starting. The 

starting voltage is assumed to be 65 per 
cent of normal, which gives approximately 
42 per cent of the torque that the motor 
would exert at standstill, if it were con¬ 
nected to full voltage. This starting 
torque of the motor at full voltage is usu¬ 
ally from 150 to 200 per cent of full-load 
torque, so, at 65 per cent ot line voltage, 
the starting torque would be from 65 to 
85 per cent of full-load torque, which is 
sufficient to start most loads. Other taps 
aie provided on the transformer so that 
the starting voltage may be adjusted. 

Figure 259 shows a vector analysis ot 
the voltage and current in one of the 
phases of an autotransformer starter as¬ 
suming 80 per cent of line voltage applied 
to the motor terminals. The same analy¬ 
sis is given in Fig. 260 for a starter using resistance to reduce the voltage 
of the motor to 80 per cent of normal at the time of staitmg These two 
figures show that, for the same starting conditions, the autotransformei 


.i'y; •” 

Fig 254 —An oil-immersed 
push-button station enclosed m a 
cadmium-plated cast-iron case with 
wide metal-to-met al flanges be¬ 
tween the oil tank and the top 
cover The contacts, under oil, 
are operated by a lever and a shaft 
that extends through the case in a 
tight-fittmg iomt Thus the sta¬ 
tion is suitable for use in highly 
corrosive atmospheres, and it is also 
weather lesistant 



bar arrangement used on large squirrel-cage motor starteis (Fig 256) 

starter takes about one-third of the power from the line and about 80 per 
cent of the current, when starting from rest. In both cases the wattless 
current is the same. 
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If 90 per cent of the line voltage is required to start the motor, there 
is very little use of employing a transformer for 
starting purposes. Such a condition usually indi¬ 
cates that the motor is not suitable for the partic¬ 
ular application; either a wound-secondary motor 
should be used or a larger squirrel-cage motor. 

The starting torque of a squirrel-cage motor can be 
increased by increasing the secondary resistance. 

This, however, decreases the efficiency of the motor. 

Usually the secondary resistance of a squirrel-cage 
motor is adjusted by using different materials in the 
rings short-circuiting the secondary windings and is 
not adjustable after the motor is built. One meth¬ 
od of increasing the starting torque of an existing 
motor is to saw slots in the short-circuiting rings 
between the connections to the winding bars. 

Where the motor is used for continuous operation 
and requires heavy starting torque, it is undesirable 

to use a high-resistance secondary, therefore the 

, J J • £ 'Ll Fig. 256.— Roai 

wound-secondary motor is preferable. vi ew of Allen-Bradley 

A commercial starter for small and medium-sized Company automatic 

, . . . i~^. two-step resistance 

motors is shown m rig. 261. The switch in the star tei intended for 

lower part of the case is immersed in oil. Above three-phase service 

the switch is the transformer, and in front of the i ey umt resistors. The 

transformer is located the overload protection. In ^btamedby^ans of 
the Off position the handle stands central. To start a n adjusting^ew ami 
the motor, the handle is moved in the direction that equalizing^bar which 
closes the contacts marked 1 in Fig. 258. After the pfug* a t the topToTthe 
motor has accelerated to approximately full speed, 21 $h Con - 

the handle is moved in the opposite direction and movai ° of ^h^starter 
the contacts, which are marked 2, are closed. The u c ^ met as a 

handle is held in this position by a small magnet 
called the “low-voltage coil,” which releases the handle on the failure of 




Resistor 

Fig 257 —Connections for starting a squirrel-cage motor by series resistance. 


voltage and allows it to return to the Off position. A latch is usually pro^ 
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From three-phase line 



Fig. 258.-—Connections for starting a squirrel-cage motor by an autotransformer 
starter. In the starting position contacts 1 are closed. In the running position contacts 
1 are open and contacts 2 are closed. The amperage given is for the starting position only 
and is merely relative. The no-voltage coil serves to hold the handle in the running posi¬ 
tion against the action of a spring that returns it to the Off position if the voltage is inter¬ 
rupted or reduced below a certain value. Either one of the overload coils will interrupt 
the circuit of this no-volt age coil. 


Line power component 440 volts 



Fig. 259. —Single-phase diagram 1 of 
circuit with autotransformer for starting 
to give 80 per cent of line voltage at the 
motor terminals, rotor-locked conditions. 

Motor characteristics: resistance 0.9 
ohm; reactance 3.2 ohms; impedance 
3.32 ohms. Wattless current 80 amp: 
power taken from the line 10 kw.; line 
current 84 amp. 



with resistance for starting, to give 80 per cent 
of line voltage at the motor terminals, rotor- 
locked conditions. 

Motor resistance .characteristics: resistance 
total 2.68 ohms; reactance 3.20 ohms; imped¬ 
ance 4.18 ohms. Power taken from the line 
29.6 kw.: wattless current 80 amp.; line current 
105 amp. 


1 The diagram shows the advantage of using a transformer instead of a resistance for squirrel-cage 
motor starting. A similar diagram with 65 per cent of line voltage at the motor terminals shows that 
the power taken from the line is nearly five times that taken with an autotransformei and the current 
30 per cent greater. The transformer characteristics are neglected in the above analysis. 
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vided to prevent the operator from accidentally throwing the handle into 
the running position first. 

In passing from the starting to the running position with this arrange¬ 
ment, it is necessary to open the connections, so that the motor will not be 



Fig 261 —Westinghouse autotranbformei starter foi bquin el-cage induction motors. 
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Fig. 262.—Connections of autotransformer starter with resistor to obviate opening the 
circuit when changing from starting to running positions. 


connected to the starting tap on the transformer and at the same time 
connected to the line, as this would short-circuit a section of the trans¬ 
former and probably destroy it. In starting large motors, it is often 
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desirable to pass from the starting to the running position without opening 
the motor circuit. This may be done by using a resistance connected as 
in Fig. 262. This resistance is inserted between the starting tap and the 
line to prevent short-circuiting the transformer at the time the connec¬ 
tions are changed. In this arrangement the contacts marked 2 and 3 
represent the starting connections. They are not opened until after 
contacts 4 are closed. 

Where several starting steps are used, the arrangement shown in 
Fig. 263 may be made. This makes use of a small autotransformer, 
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Fig. 263.—Connections for multipoint starting with an autotransformer. 


the center of which is connected to the motor load. After the auto¬ 
transformer is energized, contact 3 of this auxiliary coil is connected to 
the starting tap. One-half of the coil then acts as a choke coil and gives 
the minimum starting voltage. When contact 4 is closed, an inter¬ 
mediate voltage is obtained. Contact 3 is then opened and 5 is closed, 
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Fig. 264.—Modified method of producing multipoint .starting with an autotransformer. 


which connects the motor directly to the line, giving the final step in 
starting. This method makes a very simple set of connections for a 
magnetic-contactor starter where a multipoint starter is required. 

A modification of this arrangement is shown in Fig. 264. This 
arrangement is similar to that of Fig. 258 but the switches are operated in 
a different manner. The contacts marked 1, 2 and 3 are first closed. 
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This gives the same connection as closing contacts 1 in Fig. 258. If 
contacts 2 are now opened, one end of each autotransformer is discon¬ 
nected from the line and the motor is left across the line with a part of the 
transformer winding in series, which acts as a choke coil. Switch 4 is 
immediately closed, connecting the motor to the line. This short-circuits 
a section of the transformer but, since the winding is not energized, no 
harm results. Switch 3 is now opened, disconnecting the motor from the 
transformer. 

Disconnecting the primary of an induction motor from the line when 
passing from the starting point to the running position makes very little 
difference with small motors. With large motors, however, in special 
cases, it may cause surges of current and voltage. 1 These surges are more 
likely to occur in high-speed than in slow-speed motors. They depend, 
however, upon the characteristics of the motor and can readily be taken 
care of by the manufacturer when he furnishes the motor and the starter 
as a combined unit. 

The distribution of current within the windings of an autotransformer 
starter is somewhat involved, but an approximate analysis omitting minor 
factors is interesting and explains certain features that are not apparent 
without such an analysis. We will first consider the exciting current, 
or “magnetizing” current, as it is sometimes called. It is composed of 
two principal items, the magnetizing current, which is a zero power-factor 
current, and the iron-loss current, which is a 100 per cent power-factor 
Current. These two elements give a resulting current, which is called 
the “exciting” current and which may have a power factor as high as the 
power factor of the induction motor when it is connected to the line and 
the rotor is stationary. 

By referring to Fig. 265 it will be noted that the exciting current in 
the longer section of the autotransformer tends to flow in opposition to 
the motor-load current. Since these two currents have power factors 
that are not far apart, the motor current neutralizes this magnetizing 
current, and it is possible so to proportion the motor-load current that 
there will be very little current or PR loss in the larger part of the trans¬ 
former windings. This condition in only approximated, as the motor 
current is not exactly in phase with the exciting current. It illustrates, 
however, the fact that the magnetizing current actually reduces the PR 
loss in the larger part of the transformer windings. The two currents add 
in the small end of the transformer winding so that, as the starting voltage 
is decreased, the effect of this magnetizing current becomes more and more 
apparent. The current taken by the motor, however, decreases with the 

1 This is brought out in Hellmund’s paper, Transient Conditions in Asynchronous 
Induction Machines and Their Relation to Control Problems, Proc. A.LE.E. y Febru¬ 
ary, 1917. 
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Division of currents in an auto, transformer 



Fig. 265.—How the exciting current cancels out the load current in the larger part of 
the autotransformer winding. (/ is load current. lex is excitation current of the trans¬ 
former.) The load current represented as 100 per cent divides in proportion to the tap 
ratio. In the case shown with the 80 per cent tap, 20 per cent of the load current tends to 
flow through the large number of turns and 80 per cent through the small number of turns. 
The exciting current and the load current in the large number of turns oppose. During 
starting, when the power factor of these currents is approximately equal, they subtract 
almost directly. The net resultant current, therefore, in the large number of turns is 
small and the consequent heating effect even smaller, since the heating varies as the square 
of the current. These currents add in the small number of turns, but since this is a heavy 
winding designed to carry load current, the additional heating effect is small. The same 
effect takes place if the autotransformer is connected on the 65 per cent tap. 




Fig. 266.—A 30-hp. autotransformer starter connected to 65 per cent of the normal 
voltage. The distribution of current during the starting period based on the root-mean- 
square value of the motor current during acceleration. It is assumed that the exciting 
current is 22 amp. and approximately in phase with the motor current. This assumption 
is not strictly correct as the phase angles of the various components of the current are 
unsymmetrical and the current values do not add or subtract directly. The current com¬ 
ponents also differ in each of the two phases. The diagram is made approximately correct 
for purposes of illustration and, therefore, does not take into account the minor differences 
enumerated above. 
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decreasing voltage, so that one effect offsets the other to a considerable 
extent. 

The distribution of current in an autotransformer during the starting 
of the motor is further illustrated by Figs 266 and 267. We will assume 
that the autotransformer starter has been designed for a 30-hp. three- 
phase 440-volt motor and that the root-mean-square current of this motor 
per phase during acceleration is 82 amp. when connected to 65 per cent of 
normal voltage (see Fig. 266). We will also assume that the exciting cur- 
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Tig 267—A 30-hp autotransfoimer starter connected to 80 per cent of the normal 
voltage The distubution of current dunng the starting period based on the root-mean- 
square value of the motor current dunng acceleration It is assumed that the exciting 
current is 22 amp and approximately m phase with the motor eunent This assumption 
is not strictly correct as the phase angles of the various components of the current are 
unsymmetneal and the eunent values do not add or subtract directly The current com¬ 
ponents also diffei in each of the two phases The diagram is made for purposes of lllus- 
tiation and is, therefoie, only appi oximately (orrect and does not take into account the 
minor differences enumerated above 

rent of the transformer is 22 amp. The motor current is divided between 
section a and b of the transformer, as follows: section a, 53 amp. and sec¬ 
tion 6, 29 amp. In section a, the two currents add, making a total of 53 
plus 22, or 75 amp. In section b ot the transformer the currents subtract, 
making a total of 29 minus 22, or 7 amp. Since section b represents 65 
per cent of the total winding, it is seen that the total heating in the trans¬ 
former is reduced by the exciting current. If the motor is connected to 
the 80 per cent tap (Fig 267), the heating in the transformer will be still 
less, although the motor current is greater. This is because section a, 
which carries the extra current, is only 20 per cent instead of 35 per cent of 
the total winding space. This point has been demonstrated by actual 
tests. 
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Let us now assume that the 30-hp. starter was used for starting a 5-hp. 
motor, three-phase and 440-volt. The full-load current of this motor is 
approximately 15 amp. when connected to 65 per cent of normal voltage. 
This motor current is distributed in the transformer windings as follows: 
section a, 10 amp. and section 6, 5 amp. We assumed above that the 
exciting current was 22 amp. The total current in section a will, there¬ 
fore, be 10 plus 22, or a total of 32 amp., as compared with 75 amp. for the 
30-hp. motor. The current in section b will be 22 amp. minus 5, or 17 
amp. total as compared with 7 amp. for the 30-hp. motor. The heating 
effect of the current in section b is, therefore, about six times as great for 
the 5-hp. motor as for the 30-hp. motor. If the 5-hp. motor is connected 
to the 80 per cent tap, the difference will be still greater. 

These two examples show that a large starter used on a small motor 
may heat up more than it will if used with the motor for which it is 
designed. The two previous examples are exaggerated and the currents 
do not cancel to the full extent shown, because of the differences in phase 
angles, as the examples are simplified to make them easy to follow. In 
making applications of starters to smaller motors, care must be exercised. 
It is evident that if the exciting current were zero or had a very small 
value, an advantage would be gained by using a large starter with a small 
motor in the same way that a resistor will heat up less with a small motor 
than with a large one. This, however, makes a very poor transformer 
when used with a motor to the full horsepower rating. The exciting cur¬ 
rent should be made high enough to reduce materially the heating on the 
65 or the 80 per cent tap. 

From time to time, some one measures the exciting current of an auto¬ 
transformer starter at no load and is surprised to find it quite large. This 
is true, and the heating effect will naturally be considerable if it is left on 
long enough. If this test is carried a little further and the motor is con¬ 
nected to the circuit with its secondary locked in a stationary position and 
the input current both from the line and in the motor is accurately meas¬ 
ured, it will be found that, by decreasing the motor current in the ratio of 
the transformation and subtracting this from the total input current, the 
magnetizing current has added in many cases less than 5 per cent to the 
total current. This is true of the 65 per cent tap. If these tests are 
now repeated on the 80 per cent tap, the increase in the total current on 
account of the magnetizing current will be found to be still less. 

Another way to analyze the problem is to consider that the mag¬ 
netizing current taken by the motor is fixed for a given voltage. The 
autotransformer furnishes this magnetizing current to the motor. If we 
consider the section of the transformer between the motor terminals, we 
will find that the magnetizing current required by the transformer is 
approximately 180° out of phase relation with the magnetizing current 
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taken by the motor. This results in the magnetizing current of the one 
canceling that of the other. If these magnetizing currents are equal, 
there will only be a small flow of current in this section of the transformer 
resulting from a difference of phase relation between the currents. 

The section of the transformer winding between the motor terminals 
and the line and designated as section a in Figs. 266 and 267 has a mag¬ 
netizing current flow through its windings that is not neutralized by the 
magnetizing current of the motor. The two magnetizing currents add 
vectorially and tend to heat these windings, owing to the I 2 R loss. If 
the resistance of this portion of the winding is kept low, the actual wattage 
loss is also low, this being only a question of design. 

Let us now consider the current taken from the line. This is made 
up of two components, one the energy component and the other the mag¬ 
netizing component. If the magnetizing current of the motor subtracts 
from the magnetizing current of the transformer in section b (the long 
section), the heating effect in this section is comparatively small. By 
proper designing of the short section of the transformer winding (section 
a) so as to keep down the PR loss therein, the total loss in the complete 
transformer can be made quite low. This condition is obtained by having 
the transformer exciting current approximately equivalent to the exciting 
current of the motor, and it holds good for only one particular size and 
design of motor. In the designing of commercial autotransformers, it is 
necessary to select a certain range of motor sizes and speeds and to select 
a motor-magnetizing current that represents the average value and then 
to make the magnetizing current of the transformer equal to this value. 
The windings of the transformer must be proportioned for the worst con¬ 
dition, which is obtained in section a of the winding when the largest 
motor is being used and in section b of the transformer winding when the 
difference between the motor-magnetizing current and the transformer- 
magnetizing current is a maximum. An additional allowance must also 
be made for small differences in phase angles. 

It will be seen from the above that the exciting current of a properly 
designed autotransformer for intermittent starting should be much larger 
than that for power transformers. This excess magnetizing current will 
overheat section b of the transformer winding if it is left on for any con¬ 
siderable length of time without the motor load, because there is no can¬ 
cellation of current in this section of the transformer winding. 

The exciting current varies with the voltage and the frequency. Each 
time the magnetism in the iron reverses, it generates a voltage in the 
transformer windings. The product of this magnetism multiplied by the 
number of turns in the coil multiplied by the frequency must balance the 
line voltage. Since the number of turns in the coil has a fixed value for 
a particular design, an increase in voltage at a constant frequency would 
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require a corresponding increase in magnetism in order to balance this 
increased line voltage. If the voltage remains constant and the frequency 
decreases, an increase in magnetism would be required to make the prod¬ 
uct constant. When the iron in the autotransformer is worked pretty 
hard, as is the case in the starting transformers, an increase in magnetism 
requires a considerable increase in exciting current, the iron loss going up 
quite rapidly at this part of the magnetization curve. Therefore, any 
unusual increase in voltage or decrease in frequency will cause a pro¬ 
portionally larger increase in the exciting current. Standard autotrans¬ 
formers are designed and guaranteed to operate successfully on 10 per 
cent variation in the line voltage, provided that the frequency remains 
constant. The converse is also true, viz,, if the line voltage remains con¬ 
stant, the frequency may vary 10 per cent. This, however, is a rather 
unusual condition. 

The torque of an induction motor varies as the square of the voltage. 
It is usual to express the starting characteristic of an induction motor 
by stating that it has a certain locked torque. This is the torque exerted 
when the rotor is stationary and normal voltage is applied to the primary 
windings. This torque is usually expressed in terms of the full-load 
torque. Thus, a motor having a locked torque of two means that the 
torque at zero speed is equal to twice full-load torque with normal voltage 
on the primary. If 70 per cent of voltage were applied to the motor 
primary, the motor would exert a torque equivalent to 2 multiplied by 
(%o) 2 > or 98 per cent of full-load torque. The torque at any other start¬ 
ing voltage can be obtained by expressing this voltage in percentage, 
squaring it, and multiplying by the locked torque given in per cent of 
full-load torque. 

This starting torque is independent of the method employed for 
obtaining the reduced voltage. Sometimes the claim is made that a cer¬ 
tain motor will start with one style of starter and not with another, the 
inference being that the starters have different effects on the starting 
torque of the motor. This is true only if the starters provide different 
voltages at the motor terminals. The taps on an autotransformer are 
usually expressed in percentage of full voltage. These percentage ratios 
are not exact, as it is necessary to compensate for the voltage drop through 
the transformer. This compensation differs with different motors, owing 
to the variation in the starting current. It is, therefore, improbable that 
two different makes of autotransformers would give exactly the same 
voltage at the motor terminals; this is probably the explanation of the 
failure of one type to start the motor, while the other was successful. 
The difference in voltage may seem trivial, but it must be remembered 
that this difference is squared and that a little extra torque may be all 
that was required to break the load from the static position and allow 
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the motor to start rotating. As soon as the motor commences to rotate, 
the friction decreases and the torque of the motor gradually increases) 
so that the critical period is the instant of starting from rest. Sometimes 
the torque of a motor varies slightly when starting from rest^ depend¬ 
ing upon the location of the rotor slots relative to the primary winding. 
While this variation of starting torque is usually quite small, it may be 
appreciable in particular motors and, therefore, should be taken into 
consideration in comparing starters. 

The starting voltage can be adjusted by changing the starting con¬ 
nection from one transformer tap to another. Standard transformers 
provide for 65 per cent and 80 per cent taps. This gives 42 per cent and 
64 per cent locked torque of the motor when starting. 

Table 5 —Test on a 100-iip 220-volt 60-cycle Three-phase Motor with a Type 
A Autos tar i lr, Showing Voltages vnd Starting Torques of the Motor with 
Balanced and Unbalanced Tap Connections 
Test on 65 % tap, motor locked 



i 

Line volts 

i 

Volts at motor 

Motor torque 


No load 

With load 

terminals 

Z/i-Z/8 

230 

199 

118 5 


Lz-Lz 

229 

196 

120 

278 lb -ft. 

Ll-Z/2 

229 

194 i 

122 



Test with one winding connected on the 65 % tap and the other on the 80 % tap 


L 1 -L 2 

229 

190 

130 


Lr-U 

229 

184 

141 

340 lb.-ft. 

Li-Li 

229 

193 

121 



Test with 80 % tap 


Li-L 2 

229 

188 

141 


I/ 2 -L 3 

229 

185 

139 

410 lb.-ft. 

Li-L 2 

229 

188 

141 



These tests show that the transformers in V connection give nearly balarued voltages with unbal¬ 
anced taps The starting torque obtained with unbalanced taps is approximately the average of the 
two torques that would be obtained with either balanced connection. 


Where intermediate values of starting torque are necessary, they can 
be obtained by connecting one starting lead to the next higher starting 
tap; for instance, if one side is connected to the 65 per cent tap and the 
other side to the 80 per cent tap, an intermediate value of starting torque 
will be obtained with an intermediate value of power input. Connections 
of this kind unbalance the phase so that more current is taken from one 
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phase than from the other. The amount of this unbalancing, however, is 
considerably less than the difference in voltages after the motor begins to 
revolve. In no case is the current taken from either phase greater than 
would be taken if both leads were connected to the higher voltage. * Table 
5 gives the results of a test made w T ith both balanced and unbalanced 
connection and shows the torques and voltages at the motor terminals. 

Ta1ble 6.—Comparative Test on a Three-phase 60-cycle Six-pole Squirreu-cage 
Motor Showing Starting Torque with Autotrankformers in Open V 
and in Y, 100% of Rated Voltage Applied to Transformer Windings 


Motor torque 

Three transformers 
in Y connection 

Two transformers 
in open V connection 

At 65 % voltage 

At 80 % voltage 

33.5% of locked torque 
34.3% of looked torque 
52.0 % of locked torque 
52.4% of locked torque 

33.1 % of locked torque 
34.0% of locked torque 
51.7% of locked torque 
52.2% of locked torque 


The use of two autotransformers in a V connection for starting three- 
phase motors is sometimes criticized, on the ground that it produces 
unbalanced voltages at the motor terminals and, therefore, decreases the 
starting torque of the motor. The tests in Tables 5 and 6 show that there 
is very little unbalancing and that the amount is negligible. The torque 
exerted by the motor in starting from rest is practically the same as with 
the three-transformer arrangement. The variations in the starting 
torque exerted by different motors of the same design, because of irregu¬ 
larity of manufacture, are considerably greater than the effect of slight 
unbalancing. 

The National Electrical Manufacturers Association has agreed that 
the standard starting period for manually operated autotransformer 
starters shall be 15 sec. This is simply an arbitrary designation and means 
nothing unless a careful study is made of the effects of starting on the 
transformer. It does not mean that, if the starting period exceeds 15 sec. 
for one start, the transformer will be injured. 

About 1912, the National Board of Fire Underwriters agreed with 
the manufacturers to use an arbitrary “stand” test for autotransformer 
starters. This test consisted in connecting the line wires to full voltage 
and applying three times full-load motor current to the starting tap, the 
starting tap to be selected from 40 per cent to 65 per cent of line voltage. 
With these connections, the line voltage was impressed on the starter for 
15 sec. every 4 min. The remaining 3% min. were allowed for the trans¬ 
former to cool. This test was repeated for 1 hr., which is equivalent to 
15 starting periods, and was based on the assumption that the heating 
effect in the starter was equivalent to that which would occur in starting 
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under abnormal conditions. The test under these extreme conditions 
was to determine the probability of a starter’s becoming a fire hazard. 

Since that time, manufacturers have been designing their autotrans¬ 
formers to meet this test without being destroyed. 

It should not be assumed, however, that a commercial starter can be 
applied where it is necessary to start as frequently as is indicated by this 
test. Standard starters may be used for accelerating motors where the 
starting period is approximately 15 sec., and not over six or eight starts 
are made without allowing the transformers to cool down to the room 
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Fig. 268.—Temperature rise under different starting conditions. 


temperature. Several starts of a longer period, even as long as 30 sec., 
can be made if the transformer is cold and the starts are not repeated too 
often. The curve in Fig. 268 indicates the relative increase in tempera¬ 
ture under different starting conditions. 

Many starters can be used on other voltages and frequencies than 
those for which they are rated; but, in making such interchanges, it should 
be remembered that we have three elements to consider: 


1 . The auto transformer. 

2. The low-voltage coil. 

3. The overload relay. 

The low-voltage coil is independent of the size of the motor, but it is 
sensitive to changes in voltage or frequency, as the excess voltage will 
cause it to overheat and on a low voltage it will fail to hold. When there 
is a decrease in voltage together with a decrease in frequency, these will 
counterbalance each other. For instance, a 550-volt 60-cycle coil 
operates successfully on a 460-volt 50-cycle circuit. 
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The autotransformers should not be used on voltages more than 10 
per cent in excess of the normal rating, but they may be used for any 
voltage of less value, provided that the current of the motor does not 
exceed the normal value for that particular transformer. For instance, 
the 30-hp. 440-volt autostarter can be used with a 15-hp. 220-volt motor 
by changin g the low-voltage coil. It is obvious that, if the current value 
is kept the same, the overload relay will not be affected. If the frequency 
is decreased, the voltage should also be decreased; for example, the 550- 
volt 60-cycle transformer can be used on a 440-volt 50-cycle circuit for 
a motor that is smaller than the rating of the transformer proportionally 
to the decrease in voltage. 

If the frequency is above normal, as in the case of a 25-cycle starter 
being used on a 40-cycle circuit, the transformer will still be satisfactory; 
and, if the size of the motor is kept the same, the same starter can bte used 
by changing the low-voltage coil. The low-voltage magnet is provided 
with a brass shading coil for 60-cycle and a copper shading coil for 25- 
cycle circuits, so that a change in frequency over this range may require a 
change in the shading coil if the best results are to be obtained. 

Automatic acceleration for a.c. controllers at present is usually limited 
to the series-relay method or a time-element method. The time-element 
method is very satisfactory where the timing device can be relied upon. 
For rapid acceleration and reversing service, the series relay method is 
very good. 



CHAPTER XVIII 

SYNCHRONOUS-MOTOR CONTROL 


Synchronous motors are used because they can correct the power 
factor, as well as drive machinery. The synchronous generator is one 
of the oldest forms of electric machinery and is fully described in text¬ 
books and well understood by electrical engineers. The synchronous- 
motor construction is identical with and has the same characteristics as 
the generator, except that the operation is reversed. Alternating-cur¬ 
rent electric power is supplied to the primary of the synchronous motor 
and converted into mechanical work by the rotation of the motor. Power- 
factor correction is obtained by adjusting the strength of the d.c. field. 
A separate source of power is required for furnishing the d.c. supply to the 
field 


METHODS OF STARTING SYNCHRONOUS MOTORS 

More care is required in starting a synchronous motor than an induc¬ 
tion motor because the former must be brought into synchronism with the 
a.c. supply circuit. During the starting period it is usually necessary to 
manipulate the field and other circuits and it is, therefore, safer and better 
to use an automatic controller than a manual controller. 

The* torque required for starting the motor from rest and bringing it 
up to synchronous speed is obtained by means of damper windings, which 
function in the same manner as the secondary of a squirrel-cage induction 
motor. The primary is connected to the source of supply at full voltage or 
at a reduced voltage by means of an autotransformer. The primary wind¬ 
ing develops a rotating magnetic field, which induces a current in the 
damper windings. The reaction between these windings exerts a torque 
that accelerates the motor. The damper windings are useful for obtaining 
stable operation of the motor after it has been synchronized; they 
eliminate hunting, or a tendency for the speed of the motor to oscillate 
above or below synchronism. * 

The starting torque of these motors is approximately the same as that 
of a standard induction motor having the same number of poles. It is 
practicable to build synchronous motors for much lower speeds than 
induction motors. Increasing the number of poles of synchronous 
motors increases the size for given horsepower ratings but does not 
introduce any serious difficulties in the electrical design. On the other 
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hand, a large number of poles in the primary of an induction motor 
causes excessive leakage and poor power factor. For this reason, low- 
speed motors are usually of the synchronous type. The starting torque 
of the low-speed synchronous motor is low, on account of the large number 
of poles required to give low-speed operation. Four- or six-pole syn¬ 
chronous motors will exert considerable torque at starting. 

The torque limitations of a synchronous motor occur as the motor 
approaches synchronous speed. An induction motor operates at several 
per cent below synchronism, the difference in speed, or the slip, of the 
motor generating a sufficient voltage in the secondary to circulate the cur¬ 
rent necessary to develop the torque required by the load. When the syn¬ 
chronous motor reaches 2 or 3 per cent of synchronous speed, the torque 
necessary for pulling the motor into synchronism is obtained by ener¬ 
gizing the d.c. field magnets. These magnets react on the primary and 
develop an oscillating torque. This torque is positive during most of the 
cycle, the period of negative torque being short. The closer the motor 
is to synchronous speed, the longer is the period of positive torque. This 
oscillating torque swings the rotor into synchronism and locks it in at this 
speed. 

If full field strength is applied when the motor is running at too low 
a speed, the proportion of negative torque will be much larger and may 
be sufficient to prevent the motor from accelerating to full speed. When 
a direct connected exciter is used, it may be practicable to close the cir¬ 
cuit of the field windings through this exciter when the synchronous motor 
starts from rest, if the starting load is light, as the d.c. machine is self- 
excited and does not build up its voltage until the motor has approached 
full speed. 

The method of handling the field circuit of the synchronous motor 
differs for motors of different designs. In order to obtain the best results, 
it is necessary to cooperate with the motor designer and select the arrange¬ 
ment of field circuits that will give the best results. 

When the primary, or stator, is connected to the line and the second¬ 
ary, or rotor, is stationary, a 60-cycle rotating magnetic field is set up in 
the rotor. This causes current to flow in the grids or damper windings on 
each pole face, which exerts a torque to start the motor and accelerate it 
in the same manner as an induction'motor. It also induces a voltage in 
the field windings, which should have the circuit closed through a resistor 
to prevent the development of an excessive voltage in these windings. 
At start, as in an induction motor, the current will be heavy, the power 
factor and the impedance low, and the rotor frequency the same as the 
primary. The current decreases, the impedance and the power factor 
increase, and the secondary frequency decreases with increase in speed. 
At 90 per cent of speed, the current drops rapidly and the impedance 
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increases inversely as the current. The secondary frequency decreases to 
zero at synchronous speed. 

The motor pulls into synchronism when unlike poles of the primary 
and field windings are opposite each other; therefore, the least power dis¬ 
turbance is caused if the d.c. field is built up as the unlike poles approach 
each other. The change in field 
frequency, primary current, or primary f 
impedance is used by different manu- \ 
facturers to initiate the closing of the f 
field circuit. It is desirable to accele¬ 
rate the motor to its maximum speed 
as an induction motor, before 
energizing the field to keep down the 
momentary primary-current increase 
that occurs at this time. This maxi¬ 
mum speed depends upon the motor 
load, which will be different from time 
to time. The controller should delay 
closing the field circuit until the motor 
has accelerated as far as possible (prob- 
ably 2 or 3 per cent of synchronous . m * T 1 

speed), but should connect the field 
as soon as the motor has reached a 

i 

balancing speed. Automatic means (,{ .? < < y 

for doing this at the right speed and - 

when unlike poles are approaching - % t 
will be described. ..iJLuLlIL 

The smaller motors, particularly * m m « 

the slow-speed ones, can be started h 
with a light load at full line voltage I 
and with very simple means for closing I 
the field circuit. When the line dis- I 
turbances must be kept to a minimum, L | 

an exact method for energizing the Fig. 269 . —Westinghouse synchro 

field and for obtaining reduced voltage ?. ous motor controller, using the definite 
. . , . -. time method of acceleration. 

starting or starting on a part winding 

of the motor must be used. A relay responsive to primary current can 
be used to transfer the primary windings from the starting control to the 
device for establishing running connections, as the current drops rapidly 
above about 90 per cent of speed. 

The reduced-voltage methods for starting induction motors explained 
in Chap. XVII can be used, or the part-winding method (see Fig. 276) 
can be applied to motors having this type of winding. Some of the 
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methods for automatically energizing the d.c. field windings will now be 
described. 

The Field-frequency Method.—When the motor is at rest and the 
field circuit is closed upon itself through a resistor, the rotating field set 
up by the primary of the motor will cause an alternating current to flow 

5 



Fig. 270.—Tho time-delay synchronous motor controller. The Start button closes 
switch No. 1, this closes switch No. 5 and starts the synchronous motor TK. After a fixed 
time, TKi closes which closes switch No. 31 and energizes the d.c. motor field. TKi then 
opens and stops motor TK. Power-factor relay and instruments have been omitted from 
the diagram to make tho motor connections estsior to follow. 


in the closed field circuit, owing to transformer action. When the rotor 
is at rest, the frequency in the field circuit will be the same as the line 
frequency. As the motor increases in speed, the frequency of the field 
circuit decreases but the maximum current remains substantially con¬ 
stant. As soon as the rotor reaches 2 or 3 per cent of synchronous speed, 
the current in the field circuit drops very abruptly, as is shown in Fig. 271, 
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and can be used to operate automatic means for changing the motor 
connections from starting to running. 

The Electric Machinery Manufacturing Company uses a polarized 
field-frequency relay (see Fig. 271), which operates on the drop in field 
current when synchronism is nearly reached. They describe the opera¬ 
tion of this relay as follows: 

In Fig. 271, 1 and 2 illustrate the magnetic fluxes in the polarized field- 
frequency relay. 

In 1, when the induced field current in coil B flows in one direction, the flux 
of this coil opposes the flux of d.c. coil C to force the combined strong resultant 


C B A, S C B AS 



A C Induced field current m coil B 

D C Polarizing current m coil C Excitation applied 

rk Resultant magnetic flux in armature A /n ff 1/s direction 



Fig 271 —Operation of the field-frequency relay used by the Electric Machinery 
Manufacturing Company for accelerating synchronous motors (see Fig 272 for wiring 
diagram) 

flux through the armature A of the ielay. This condition is that which occurs 
during the lower shaded loops of 3. In 2, when the induced field current in 
coil B is reveised, the flux of coil B combines with that of coil C so that the result¬ 
ant flux through relay armature A is relatively weak, as shown by the smaller 
upper shaded loops of 3. 

The effect of the d.c. polarizing coil C of the relay, therefore, is to make the 
magnetic flux in the ielay armature A unsymmetrical with respect to the zero 
line of the induced-field-current wave. Thus the relay armature cannot open in 
the portion of the induced-field-current wave spanned by the large lower loops 
of relay-armature flux. The relay armature will open only in the portion of the 
induced-field-current wave spanned by the small upper loops of relay armature 
flux. 
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The induced field current in relay coil B decreases in amplitude as the motor 
reaches synchronizing speed, and an upper shaded loop of relay armature flux 
is reached as is shown in 3, where the relay armature A will no longer stay closed. 
The relay then drops open to establish contact S to apply excitation to the motor 
field at the point indicated on the induced-field-current wave. 

The time of opening of the relay depends partly on the retarding pull of the 
relay flux. When set to open at lower synchronizing speeds (92 to 94 per cent) 
an air gap between the armature and the core causes the relay to open more 
quickly than when set to open at higher speeds with less relay air gap. Hence 
the field contactor always closes at the same favorable point on the induced-field- 
current wave. 



Fig. 272.—Wiring connectioiib of the field circuit for the polarized field-frequency relay of 
Fig. 271 (see text for description). 

The excitation is applied in the direction shown by the arrow, opposite in 
polarity to that of the induced field current at the point of application. This is 
done to compensate for the time required to build up excitation caused by the 
magnetic inertia of the motor-field winding. The inertia is such that the d.c. 
excitation does not become appreciably effective until the induced current has 
reversed at 0, in 3, to the same polarity as the direct current. The excitation 
continues to build up, synchronizing the motor at M, which represents the 
approximate normal relative positions of the rotor and stator poles of the motor 
when running in synchronism. 

During starting, a current, induced in the field winding of the synchronous 
motor (Fig. 272) and declining in frequency as the motor accelerates, flows 
through the field-discharge resistor, the reactor, and coil B of the polarized field- 
frequency relay. The magnetic core of the relay has a d.c. coil on leg C , an 
induced-field-current coil on leg B , and a pivoted armature A with contact S . 
Coil C connected to the source of d.c. excitation establishes a constant magnetic 
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flux in the relay core that polarizes the relay. Superimposed on the magnetic 
flux in the relay core, caused by d.c. coil C, is the alternating magnetic flux 
produced by the alternating induced-field current flowing in coil B . The arma¬ 
ture A thus carries the sum of the two fluxes produced by coils B and C on one- 
half cycle of alternating induced-field current, and a much smaller amount of 
flux on the other half cycle. 

At the moment of starting the motor, the relay armature A snaps to the 
closed position shown in Fig. 272, opening the contact S . Up to the synchroniz-. 
ing speed of the motor the flux through the armature of the relay is enough to 
keep the armature closed. The reason for this is that the reactor across which 
coil B is shunted has a relatively high voltage drop, whereas the reactance of 
relay coil C is relatively low. Hence at all except very low frequencies of the 
induced-field current enough current will flow through relay coil C to hold the 
relay armature closed. As the motor accelerates, however, the induced field 
current declines in frequency and an increasingly larger portion of it is diverted 
from the relay by the reactor until at 93 to 98 per cent synchronizing speed, 
depending on the synchronizing speed the relay is set for, the reactor shunts 
enough current from coil C to permit the relay armature to open. 

Since the relay in Fig. 272 is polarized by coil B, the relay armature opens only 
when the magnetic fluxes of coils B and C are of certain relative strength and in 
opposition. The design of the relay is such that this opening will take place to 
establish contact S, and thus close the field contactor to apply excitation at the 
favorable point for synchronizing. 

Another method of accomplishing this is to provide a double-throw 
contactor having two magnets. The upper magnet is energized from 
direct current and tends to close the upper set of contacts; the lower 
magnet has its windings in series with the field. The contactor normally 
has the lower contacts closed and the lower magnet circuit connected in 
the motor field. In starting, the voltage inducted in the field windings 
maintains the lower contacts closed by means of the magnet. When the 
motor nearly reaches synchronous speed, the lower magnet is almost 
deenergized, owing to the induced voltage in the field windings approach¬ 
ing zero. This permits the magnet at the top of the contactor to over¬ 
come the pull of the lower magnet and to open the lower contacts and 
close the upper contacts, in this way initiating the necessary connections 
for changing the controller from the starting to the running position, but 
does not ensure that the connection will be made at the most advan¬ 
tageous instant. It is suitable for small motors. 

The Speed-and-time Method. —The control for energizing the field 
has been combined by Westinghouse in an automatic motor-driven relay. 
An element responsive to the drop in primary current, when the motor is 
nearly at synchronizing speed, starts the relay motor. At this speed the 
rectified primary current taken from a current transformer is represented 
by a wavy line, shown in Fig. 274. The low part of this curve occurs 
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when primary and secondary poles are opposite each other. The coil of 
a spring-closed contact member is connected in this rectified-current cir- 
. There is low tension in the spring when the relay motor starts, but 
the spring tension is gradually increased by cam action as the relay motor 


4‘s*4 , i'r\ ps 



Fig. 273.—Westinghouse STA controller for full-voltage starting of a synchronous motor 
(see text for description, p. 265). 

operates. After a few seconds the spring tension overcomes the magnet, 
when the current curve is in one of its valleys. The relay contacts then 
close and energize the motor fields at a favorable time to build up the 
field, as unlike poles approach each other. The relay continues to oper¬ 
ate until it has returned to its initial position, ready for another start. 
The few seconds required to build up tension in the spring* allow suffi- 
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cient time for the synchronous motor to reach its maximum speed before 
its fields are energized. 

In Fig. 273 with the motor running or shut down, the position of the 
STA elements will be as shown, i.e., fingers 4, 16, 18, 19, 20 will be 
“made,” 6, 12, 14 will be “open,” and spring tension on the current 
element will be maximum. The contacts 19 and 20 guarantee that the 
primary breaker cannot be closed unless the elements are in the position 
shown (the Off position) since these contacts interrupt the circuit to the 
X and Y closing relays in all other positions. Jumper B is closed; A and 
E open. 

To start, push the Start button that energizes relays X and Y and 
closes the primary breaker. Instantly, the current element picks up to 



Fig. 274.—Rectified pi unary current during the acceleration of a synchronous motor show¬ 
ing where relay applies the d.c. field. 

break contact 9-21 as the result of current inrush to the motor. When 
the inrush current drops to about 50 per cent of the initial inrush value 
(90 per cent speed), current element contact 9-21 closes and completes 
a circuit to the pilot motor through ICR contact 21-16 and drum fingers 
16 and 18. After a short initial movement, finger 14 “makes” and 
connects the pilot motor across the line so that the movement continues. 
The second circuit to “make” is finger 12, causing relay ICR to pick up. 
At approximately the same time, the current element calibrating cam 
releases the spring tension, so that contact 9-21 again opens. After 
9-21 has opened, finger 6 “makes.” As the spring tension is gradually 
restored, 9-21 will close to complete a circuit to‘field contactor MF 
through ICR contact 21-6. Once MF has closed, a holding circuit is 
established, either through jumper A to the line or through jumper B } 
MF contact 6-12, and fingers 12-14 to the line. These holding circuits 
by-pass current element contact 9-21 until the drum returns to the Off 
position, so that transient operations of the current element attendant to 
application of excitation do not trip MF, 

With jumpers A and E in place and B removed, the motor will shut 
down if current element contact 9-21 opens as a result of pull-out. The 
opening of 9-21 trips relay ICR and the contact 7-24 closes, energizing 
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the circuit-breaker trip coil. With jumper B in place and A and E 
removed, the motor will resynchronize in the event of pull-out. The 
opening of 9-21 trips both ICR and MF , but the breaker does not trip 
since the jumper E is not in place. The ICR contact 21-16 closes to 
start the ST A unit through a sequence when 9-21 recloses, the same as 
occurs when the motor reaches 90 per cent speed during a normal start. 

The saturating transformer is not always included. It will be used 
when there is a possibility of obtaining heavy short-circuit currents in 



Fig. 275.—Action of SCI control during pull-in and pull-out in a General Electric Com¬ 
pany system. (1) Impedance changes. As the motor accelerates, the stator impedance 
changes as follows: a, average impedance increases; b , frequency of cyclic variations 
decreases. (2) Relay responds. As acceleration continues, SCI relay torque lesponds as 
follows: a, relay torque reverses momentarily; b, relay contacts oscillate with torque levei- 
sals; c, frequency of reversals decreases; d, time interval of relay-torque reversal increases, as 
shown, by rapidly widening shaded areas. (3) Speed is selected. When the speed-selective 
time interval increases to the present value A, the associated timing relay operates, thus in¬ 
dicating that the correct synchronizing speed has been reached. (4) Angle is selected. After 
present angle-selective time interval B has elapsed in next cycle, the field is applied at C with 
a favorable angular relation between the rotor and the magnetic field of the stator. (5) Motor 
pulls in. During the interval C-D the motor pulls in. The field-applying circuit is main¬ 
tained during the synchronizing interval while the rotor attains its normal synchronous rela¬ 
tion. (6) Synchronous operation. The motor carries normal load in synchronism from D to 
E. The relay torque reflects rotor oscillations that are quickly damped out by squirrel-cage 
winding. (7) Overload pull-out. A heavy overload is applied at E and the motor pulls out of 
step at F , where the motor impedance and relay torque are changing rapidly. (8) Field is 
removed. As the relay torque reverses, the field contactor is deenergized and the field is 
removed an instant later at G to permit resynchronizing. (By a simple reconnection of 
control, the motor can be shut down at the same instant the field is removed.) 

the case of a fault and where the switching equipment must withstand 
the same without injury. The saturating transformer prevents possible 
destruction of the Rectox. 

Another speed-time device is the General Electric slip-cycle imped¬ 
ance relay, type SCI. The relay has a rotating element with a contact 
arm, which is caused to swing back and forth as a result of the torque 
produced by a combination of voltage and current coils as a function of 
the motor impedance. This causes the contact to open and close. As 
the synchronous motor accelerates, there is an increase in the stator 
impedance, as shown by the decrease in the line current. 
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There is also a cyclic variation of impedance at a frequency equal to 
twice the slip frequency. This frequency is low when the motor is close 
to full speed and the intervals during which the relay contact remains 
closed will increase. This contact energizes a time-delay relay that 
closes its contacts when the interval becomes long enough. The timing 
is adjusted so that the interval that closes this second contact occurs at 
the motor speed at which its field should be connected to d.c. power. 
This is the period A in Fig. 275. The time-delay relay energizes the 
field-circuit relay, which has sufficient time delay to close the field circuit 
at C on Fig. 275. This is the point where unlike stator and rotor poles 
are approaching each other and will lock together to synchronize the 
motor during interval CD. 

RESYNCHRONIZING AND PULL-OUT PROTECTION 

Either momentary low voltage or severe overload conditions may 
cause a synchronous motor to pull out of synchronism. Under these 
conditions the motor stalls and some protective features must be auto¬ 
matically provided. If the pull-out has occurred because of low voltage 
and the voltage recovers quickly, or if the pull-out has been caused by 
overload conditions that disappear promptly, the motor may be operated 
temporarily as an induction motor with field excitation removed, to 
reaccelerate and resynchronize. The inconvenience of a complete shut¬ 
down is, therefore, avoided. Under many conditions it is not possible or 
desirable for the motor to resynchronize, and power must be disconnected 
to prevent damage to the motor. 

The control connections of a synchronous-motor controller can be 
arranged to permit either resynchronizing or removal of power when a 
pull-out occurs. The relays that operate to accomplish these results are 
the same field frequency, current, slip-cycle impedance, or power-factor 
relays that control the synchronizing when a normal start from rest is 
made. 


REDUCED-VOLTAGE STARTERS 

Low-line voltage interferes with the magnetic contactor performance 
during starting and increases the time required to accelerate the motor to 
full speed. 

Some automatic starters that start with the d.c. field energized have 
a small contactor, which short-circuits the motor field rheostat or exciter 
field rheostat when the motor is being synchronized. This operation 
overexcites the field, improves the pull in torque, and reduces the current 
peaks when the motor is transformed from starting voltage to full line 
voltage. When an individual exciter is used to provide the motor-field 
excitation, the added contactor improves the operation of the d.c. con- 
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Main Paralleling 

contactor contactor 



a 


Mam Paralleling 

contactor contactor 



b 



Fig. 276. —Electric Machinery Manufacturing Company automatic part-winding 
control for a synchronous motoi driving a centnfugal pump. The control is the dead- 
front, two-step, air-break type. The sequence of operations of this control are given m c. 
a. The primary connections for the control shown in c. It indicates the switching means 
used for two-step part-winding starting. The main contactoi opens both circuits in case 
of overload on the motor or of shoit circuit, b. Alternative connection of the second cir¬ 


cuit by means of a two-pole contactor connected m the start of the second cncuit. This 
contactor can be located near the motor if that is desirable. The main contactor opens 


both circuits. 


c. Pressing the Run button (1) closes the main contactor (2) connecting the motor to 
the line on part winding. Closing of main contactor sets timing relay (3) in operation. 
As soon as the motor is energized, the contact of field-control frequency relay (4) opens. 
The motor accelerates on part winding. When a predetermined time has elapsed, timing 
relay operates to close paralleling contactor (5). The second circuit of the motor is then 
connected to the line, and the motor is then on full winding. When the motor reaches the 
correct speed for synchronizing, the field-control frequency relay closes its contact, closing 
field contactor (6). Closing of the field contactor applies excitation, obtained from the 
direct-connected exciter on the motor, to the field of the motor, and the motor pulls into 
synchronism. Overload protection while the motor is on part winding is provided by part¬ 
winding protective relay (7). Overload protection while the motor is on full winding but 
not yet in synchronism is provided by out-of-step protective relay (8). Oveiload protec¬ 
tion after the motor is in synchronism is provided by overload relay (9). These relays all 
operate to open the main contactor (2), which opens both circuits of the motor. Other 
equipment on the control: (10) d.c. ammeter; (11) a.c. ammeter; (12) exciter field rheostat; 
(13) safety lockout; (14) pilot light to indicate d.c. excitation is available; (15) stop button. 
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tactors by having full exciter voltage impressed on the operating coils 
while the motor accelerates to full speed. 

Low-speed synchronous motors can be started by connecting them 
directly to the line. The starting kilovolt-amperage with full line voltage 
approximates three times the normal input kilovolt-amperage. This 
value is no higher than that required for some of the high-speed syn¬ 
chronous motors started with 65 per cent of line voltage, which is the 
standard starting voltage when auto-transformers are used. When full 
line voltage is applied to a motor, the starting period is decreased approxi¬ 
mately 60 per cent (from 1 min. to 24 sec.). 

The line-voltage starter in addition subjects a synchronous motor to 
fewer current peaks than the reduced voltage starter of the type that 
opens the motor circuit at transfer from starting to full voltage, but the 
starting kilovolt-amperage is higher. High starting kilovolt-amperage 
is of less importance on large power systems, but the design limitations 
of the motor in some cases prohibits starting with full line voltage. 
When conditions permit line-voltage starting, the control equipment is 
simplified and the number of main contactors or circuit breakers is 
reduced. 


THE EMERGENCY STOP 

Certain applications, such as rubber and paper calenders, require 
means for quickly stopping machinery in case of emergency. One means 
of accomplishing this is to use a magnetic clutch and a magnetic brake. 
When the emergency occurs, the operator actuates the emergency switch 
that disconnects the motor from the machinery by means of the mag¬ 
netic clutch; at the same time, the brake is applied, bringing the machin¬ 
ery quickly to rest. 

Another method consists in the use of dynamic braking. When the 
operator actuates the emergency switch, the motor is disconnected from 
the line and the a.c. windings are short-circuited through a resistor. The 
revolving field magnets generate a voltage in the a.c. windings, which 
causes a heavy current to flow, converting the motor into an a.c. gener¬ 
ator and bringing it quickly to rest. Tests have indicated that with many 
designs of motors the load can be stopped as quickly with dynamic braking 
as by the use of a clutch-and-magnet brake. Dynamic braking requires 
more switching apparatus, but it eliminates the clutch-and-magnet brake. 

POWER-FACTOR CORRECTION 

Synchronous motors, like synchronous generators, can have the field 
overexcited and deliver a wattless current 90 deg. in advance of the 
load current. This leading wattless current will neutralize an equivalent 
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amount of lagging current and, in this way, improve the power factor of 
any particular installation. 

It is this ability to improve the power factor of the given installation 
that makes it so desirable to use synchronous motors. In order to fur¬ 
nish this leading current, it is necessary to build a motor larger than would 
be required to drive the load and it, therefore, adds to the expense of the 
installation to improve the power factor. 

If the installation is a factory or any other large user of power having a 
considerable number of induction motors the amount of lagging current 
that would be necessary for neutralizing is considerable. Unless the loads 
to which the synchronous motors are attached are in large units, it may be 
cheaper to use induction motors for all the mechanical drives and to 
supply one synchronous machine running light, commonly known as 
“floating” on the system. The entire output of this machine can then 
be used for power-factor correction. 



CHAPTER XIX 
ELECTRON-TUBE CONTROL 


OPERATION AND FUNCTIONS 

The electron tube can be considered a one-way switch that is closed 
by heating the cathode. Negatively charged electrons are emitted from 
the surface of the heated cathode and travel at a tremendous speed to 
the anode, forming a current-carrying path (see Fig. 277). Note that 




while the electron flow is from ( —) to (+), the current flow in the tube 
is conventionally from (+) to ( —). It will not flow in the reverse 
direction. 

When we substitute a.c. power for the battery (see Fig. 278), we get 
an intermittent pulsating source of d.c. power through the motor, as 
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only one-half of the power is used. When we add a second tube and add 
the other half of the a.c. power wave, we can obtain full wave rectifica¬ 
tion, a source of pulsating direct current sufficiently smooth for motor- 
armature operation (see Fig. 279). When a shunt motor is used, two 
more tubes are required to energize its field. 


L x 


\A.C. 


ww 



Fig. 279.—The use of two tubes to give rectified d.c. power. 


Grid Control. —The armature voltage can be controlled by inserting 
a grid between the anode and the cathode and connecting it to a relatively 
low voltage; when this voltage is negative, it has a pronounced effect in 
reducing the number of charged negative electrons reaching the anode. 
When the grid is positive, the number of electrons reaching the anode is 

increased. 

By control of the grid voltage, the 
voltage at the motor terminals can be 
changed from zero to the maximum in 
an infinite number of steps. The grid 
requires very little power and its volt¬ 
age can be controlled by a small dial 
like that of a radio. A shunt-motor 
field can obtain power from a similar 
pair of tubes, and the field current can 
be changed in the same way by apply¬ 
ing different voltages to the grid. The tube furnishes a source of variable 
voltage power with very little power loss. 

Functions. —The tube control has three important functions: 
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1. Converting a.c. power into pulsating d.c. power. 

2. Providing an adjustable-speed control over a wide range by adjusting the 
applied voltage on the armature and field coils, and by means of circuit refinements 
maintaining the selected speed constant from no load to full load. 

3. Providing adjustable-current limit during acceleration and operation. 

Conversion of Power. —The control functions of starting, reversing, 
dynamic brake, overload and low-voltage protection can be taken care 

\A-C I 
\Power\ 
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A.C.VOLTAGE WAVE ON ANODE 

Fig. 281.—Simple form of motor control. Curve shows voltage change with grid-bias 

adjustment. 

of by contactors in such a way that the contactor is not required to open 
or close the circuit under power conditions. Standard push buttons and 
other master switches can be used at the control position. In practice, 
the adjustable-voltage rectifier usually consists of two thyratron tubes 
for the armature circuit and two for the motor field. 
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The average voltage delivered by the tubes is controlled by the 
phase relation of their grid voltage, which is obtained from the a.c. 
circuit through a transformer. When the grid voltage is effectively in 
phase with the anode voltage," the tube will be turned full on and when 
the two voltages are effectively 180 deg. out of phase, the tube will be 
turned off completely and no current will flow. By means of varying the 
phase relation between these limits the tube can be turned on to any 
desirable degree. 

Adjustable-speed Control .—The phase-shift method is the most com¬ 
mon way of varying the output voltage of the thyratron tube. The 
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Fig. 282 .—Speed control using a phase shift of grid potential wave by change of phase 
angle of primary windings P and secondary windings aSi, aS2. 


phase shift can be obtained by a combination of a resistor and a con¬ 
denser or a resistor and inductance (see Fig. 281). The phase shift 
can be adjusted by hand or by mechanical means, much as tension in a 
strip of material being fabricated or a loop of fabric can intercept a light 
ray (see Fig. 288) to control the motor speed. These controls can 
apply to either the armature or the field voltage, or to both. 

Another way to shift the grid-voltage wave is shown in Fig. 282. 
When the variable reactance is changed, it changes the phase angle of P, 
which controls the secondary windings Si and S 2 . 

The curves shown in Fig. 281 give the grid-voltage wave in its normal 
position. The diagram shows a method of shifting the phase angle 
by applying d.c. voltage to the grid transformer and adjusting its amount 
and direction by a potentiometer control. 

The speed regulation of the motor from an uncompensated tube power 
source will be worse than from standard d.c. power, because both the 
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voltage drop in the armature circuit due to the inductive reactance will 
be greater and because the counter e.m.f. of the motor will have to drop 
further with a pulsating power source, to provide voltage enough to 
balance the drop through the armature. This latter effect can be seen 
by referring to Figs. 283 and 284. The area ER represents approxi¬ 
mately the voltage required to overcome the IR drop in the armature 
circuit. When the current increases, this area must increase in the same 



Fig. 283.—A d.c. motor operating from a tube rectifier. The shaded area ER measures 
the approximate voltage available to overcome the IR drop in the armature circuit. More 
load will increase this area. 

proportion. Now refer to Fig. 284, which shows a standard d.c. voltage 
supply, where the area ER represents the voltage required to overcome 
the IR drop. If the current is doubled, the counter e.m.f. line in Fig. 283 
must drop more than that in Fig. 284, to compensate for the increased IR 
drop. The drop in the counter e.m.f. liqe represents the drop in speed 
with increasing load and is greater for the pulsating, rectified d.c. power 
than for normal d.c. power. 


Line volts ^ 

Counter emf L 

% 


0 volts 




Volts to overcome 
the IR drop m the 
armature circuit 


Fig. 284.—A d.c. motor operating from d.c. power ER is much less as the area is continuous. 


This additional voltage drop can be compensated for and the motor 
speed can be kept constant if the phase shift of the grid voltage is auto¬ 
matically adjusted to a change in the motor load. This can be done by 
connecting the grid circuit of a small tube in shunt to a part of a resistor 
that is across the armature terminals, and by connecting the tube in the 
circuit of the grid of the power tube in such a way as to increase the 
voltage delivered to the motor as the load increases. So far, we have 
assumed a constant field from constant line voltage. The arrangement 
is a voltage regulator applied to the motor terminals. The speed can 
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be adjusted over a wide range by setting the grid circuit to regulate the 
voltage of the motor for the desired speed (see Fig. 286 1 ). 

The voltage-regulator setting must also be automatically changed to 
increase the voltage when the load increases, to compensate for the 
additional voltage drop in the armature circuit and to reduce the voltage 



Fig. 285.—An elementary rectifier circuit for a d.c. motor without any regulating means. 


when the load decreases. This change in voltage over the regulator set¬ 
ting is necessary to maintain constant speed. When a motor is connected 
to a standard d.c. system, it often has a small reverse-series field coil to 
weaken the field strength with increasing load. This tends to increase 
the speed in proportion to the drop in counter e.m.f., and one change 

1 Figures 285, 286, and 287 are taken from a paper presented by K. P. Puchlowski 
before the A.I.E.E. on “Electronic Control of D.c. Motors” (Trans. A.I.E.E., Vol. 62, 
p. 870, 1943). In this paper the reasons for various control tubes are explained in 
detail with curves showing the motor performance under different conditions. 
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cancels the other to maintain constant motor speed. With tube power, 
a second control tube performs the functions of the reverse-series field. 
Its grid is connected so that the grid voltage changes in exact proportion 
to the load. The control tube is connected in the grid circuit of the 
power tubes, to increase their delivered voltage in proportion to the load 
and reduce this voltage when the load decreases. This control tube 


Power .Phase shift 



Fig. 286.—Complete diagram for a d.c. motor controller with regulating means. Tubes 
1 and 2 rectify the a.c. power; tube 3 provides armature-voltage regulation, which controls 
the speed; tube 4 provides 1R drop compensation; tube 5 provides current-limit control 
for acceleration and safe operating loads (see Fig. 287). 

* 

holds the motor speed more nearly constant than does the reverse- 
series field in a conventional motor (see Fig. 286). 

Adjustable-current Limit .—Since power tubes can be injured by severe 
overloads, a third control tube is added, to hold the current constant 
during acceleration and to limit the overload current during operation. 
The grid of this tube is also connected so that its voltage will be in direct 
proportion to the armature current. The tube is inserted in the regulator- 
tube grid circuit to decrease the output voltage of the rectifier when 
the current approaches the maximum for which this third control tube 
is set. This gives a flat current curve during acceleration (see Fig. 287). 
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Parts of the Electron-tube Controller. —The electron-tube control 
now consists of the following parts: 

1. Two power tubes, to convert the a.c. power to a source of pulsating d.c. power 
(see Fig. 285). 

2. The first control tube, to maintain the armature voltage of the motor constant 
and provide means for adjusting this voltage to give a preset speed (see Fig. 286). 

3. The second control tube, to increase the power voltage in proportion to the 
load, to compensate for the IR drop in the armature circuit (see Fig. 286). 

4. The third control tube, to limit the current in the armature circuit to a preset 
value (see Fig. 286). 

The shunt field of the motor receives power from one or two more 
power tubes. The field strength can be changed to give speed adjust¬ 
ment by controlling the grid voltage of these tubes. 



Fig. 287.—Cui veb .showing the effect of automatic current limitation during the acceler¬ 
ation of the motor. Curve 1 shows the current imush in a motor operating from a d.c. line; 
curves 2 and 3 show the motor cunent limited automatically by the electronic control to 
three and two times the full load, respectively. Should an operating load stop the motor, 
the thermal-overload relay will open the circuit. 


A voltage-regulating tube can be added, if necessary, to maintain a 
constant preset voltage across the field coils. When field control is 
used to obtain higher motor speeds, a movement of the control from high 
to low speed causes the motor voltage to rise above the applied voltage. 
In the conventional d.c. system, this causes a reverse current, which 
reduces the motor speed quickly to the new setting of the controller. 
When tubes are used as a source of power, a reverse current will not flow 
and there is a tendency for the armature voltage to build up to an unde¬ 
sirable value. This can be prevented by using either an overvoltage 
relay of the magnetic type or by using another tube. When the mechani¬ 
cal load is heavy and positive, the voltage will usually remain at a safe 
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limit without an additional relay. This condition should be checked 
when the application is being made. 

DEVELOPMENT FOR INDUSTRIAL USE 

Tube control of power has been developing slowly for industrial 
applications as larger tubes are required for power circuits, and they have 
been expensive. A tube controller looks more like an instrument and 
does not get credit for its actual ruggedness. The control scheme is 
new to most of the users, who prefer the type with which they are familiar 
and that their repairmen know how to maintain. First the gas engine 
and now the Diesel engine have had to face this same problem, but it 
gradually diminishes with use. 

Paper 
sheet 



Fabric 


Fig. 288. —Speed control between sections of a machine. 

Variable-voltage control using a motor-generator set to convert a.c. 
power into adjustable voltage d.c. power (see Chap. XI) has been slowly 
introduced—first, for mine hoists and then for reversing mill motors; 
later, for automatic elevators, skip hoists, reversing planer drive, and 
other applications. Variable-voltage control, however obtained, is the 
most logical way to adjust the speed of d.c. motors and, in time, will be 
extensively used. The electron tube can replace the motor-generator 
set as a source of adjustable voltage power where regeneration is not 
required, and it is now used for the smaller motors. It can be used to 
control a generator field where the power exceeds the capacity of com¬ 
mercial tubes or where regeneration is necessary. As the cost of tube 
control decreases, it will find wider use, replacing other types of adjustable 
speed control. 

An interesting use of tubes for controlling motors is described in the 
latter part of Chap. VI. 
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PERFORMANCE AND APPLICATION 

Problems to Be Met. —The performance of d.c. motors receiving power 
from electron-tube control'is not the same as that of those operating on 
standard d.c. power; the principal differences are in heating and in com¬ 
mutation, particularly where field weakening is used to obtain greater 
speed range. 

Heating .—The pulsating voltage from tube power causes a consider¬ 
able ripple current in the armature, in addition to the average current 
read by a standard d.c. meter. If the meter used is an a.c. meter, which 
shows the r.m.s. current, the reading will be higher than that shown by 
the d.c. meter. The motor torque is proportional to the average current 
shown by the d.c. meter; therefore, the motor load must be less if the 
heating is kept constant. The heating is more than the square of the 
current increase shown by the a.c. meter. Tube power may increase 
the heating 40 per cent in some special cases. The increased heating is 
not the same for all motors. It is influenced by the inductance in the 
armature circuit, a factor that is not important when standard d.c. 
power is used. Inductance reduces the ripple current and tends to 
reduce the difference in heating; this inductance may be in the motor 
itself, or an external inductance may be connected in the circuit. Slow- 
speed motors have larger frames and more inductance in their armature 
circuits. Field circuits have so much inductance that the current is 
close to a constant value. When the manufacturer furnishes both the 
motor and the controller for a definite application, the heating factor is 
considered in designing the equipment. 

Single-phase power causes more heating than polyphase power. 
Usually, the additional heating can be neglected with polyphase tube 
control. 

Commutation .—Motors that show no sparking at their commutators 
on standard d.c. power may develop sparking on tube control. This is 
not very noticeable on small motors, but it becomes important in the 
larger sizes. It is more of a factor in motors operated on higher speeds 
by field weakening, and limits the speed range obtained in this way. 
This trouble will not occur if the motor is designed by the manufac¬ 
turer for tube control. 

Frequency .—Tube control is usually furnished for 60-cycle power and 
it will operate successfully on 50 cycles. At reduced frequencies, the 
inductive effect decreases and more ripple current may develop, so that 
a different design of motor and control may be necessary for 25-cycle 
power. 

Speed Range .—Motors on tube control can be operated on a 20 to 1, 
even 50 to 1 speed reduction below base speed with very little difficulty, 
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because at this range the principal factor is armature-voltage drop, which 
is compensated for in the control. At very low speeds, other factors 
develop; they are friction, brush drop, armature slot, and torque pulsa¬ 
tions at a multiple of line frequencies. 



Per cent of full load torque Per cent of full load torque 

CURVE A CURVE B 



10 20 30 40 50 60 70 80 90 100 
Per cent of full load torque 
CURVE C 

Fig. 289.—Speed-regulation curves. Percentage of base or full field speed in terms of 
percentage of full-load torque. Curve A for a 10 to 1 speed range, curve B for a 20 to 1 
speed range, and curve C for constant speed at 00 per cent of base speed. 


Friction can be reduced by using ball or roller bearings, and this should 
be done where low speeds are necessary. 

Brush drop will average plus or minus 2 volts for standard motors 
and, with a large current, may become several times as great as the 
countqr e.m.f. at very low speeds. Brush voltage drop is not constant 
and its predominating effect over the counter e.m.f. at very low speeds 
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is a difficult problem. This same problem occurs in motor-generator set 
control, where there are generator brushes in addition to the motor 
brushes. 

The ripples in torque at low speeds caused by the armature slots can 
be eliminated with skewed slots, but this may mean a special motor. 
Skewed slots are common in many a.c. motors. Polyphase tube control 
materially reduces these ripples. 

The torque ripples resulting from the pulsating power supply do not 
constitute a very well-defined factor, but they do exist and must be 
considered at low speeds. 

All but the last item occur when d.c. motors are operated at very 
low speeds from standard d.c. power supplied by a variable-voltage 
generator. Tubes can be used to control this generator field. 

Control Limitations .—The IR compensation voltage assumed a con¬ 
stant resistance in the armature circuit. Heating changes this resistance 
and has a very definite effect on speed regulation at very low speeds, such 
as require 5 to 10 volts counter e.m.f. This is true also with motor- 
generator set control. 

At high speeds with weak field, the armature reaction on the field 
flux is important. An IR compensation voltage that will provide flat 
speed regulation at base speed may not be satisfactory at these high 
speeds, in some cases, without changes in the control. 

No attempt has been made in the foregoing to show the detail con¬ 
nections to the control tubes, as these connections are different for the 
various motor sizes and according to the practice of each manufacturer. 
Many control applications do not require all the control tubes described. 

Engineering Skill Required.—Some of the problems of tube control 
just stated show the importance of expert advice or an over-all guarantee 
from the manufacturer when selecting this control. These limitations 
have been overcome by careful design in the same way that other control 
problems have been met. Tube control developed for communications 
and supervisory functions will be useful in motor control, but it must be 
applied by engineers who understand this field of application. It will 
be modified for this purpose and furnishes one of the major fields for 
motor-control development. 

PARTICULAR APPLICATIONS 

It has been shown that a very small amount of low-voltage power in 
the grid circuit can control a large amount of power in the tube circuit; 
the tubes thus become amplifiers that have many applications. 

They can control the field of a large generator where a motor-gener¬ 
ator set is used to obtain a variable-voltage system of control; andean be 
used to give time lag, to limit the armature current, and to respond to 
other tube circuits. 
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In Industry. —Electron-tube control can be used to maintain a 
constant-speed relation between sections of a paper machine, the rolls of 
a continuous strip or plate mill, a rubber mill, of for any fabric where the 
process requires maintaining the tension, or loop, in the material between 
sections of the machine within fixed limits, as in Fig. 288. 

In Communication, Remote Control, etc. —They are used in com¬ 
municating, through radio, with ships, airplanes, tanks, and military 
stations; night fliers use them to turn on seadrome lights. The ampli¬ 
fying property is used to measure minute vibrations in dynamic balancing 
and in testing propellers for vibration. It can be used for remote control 
of motors to open garage doors, operate hydraulic valves, etc. 

For Control through a Master Switch. —The grid circuit of an elec¬ 
tron tube can be connected to a master switch to control the starting, 
stopping, reversing, and the speed of a motor. The master switch can 
be a pressure regulator, a float switch, a thermostat, a time clock, a speed 
regulator—all with split-second timing. The electron tube has made 
spot welding possible. It gives stepless control and accurate regulation 
of motor speeds. 

For Control by the Light Ray. —The electron tube can transform 
light into electric current by replacing the heat-activated cathode with 
one made of photosensitive material. Light now replaces heat in causing 
the emission of electrons. The stronger the light, the greater the current 
passing through the tube. This photosensitive tube can be connected to 
the grid circuit of another tube, to amplify its power. The light ray that 
guards the entrance doors to an elevator uses this control. The light ray 
actuates many other types of entrance doors; it counts persons or objects 
passing a fixed point, spots pinholes in metal strips, protects workmen in 
hazardous locations, and has found many applications. 

In Television and the X Ray. —Electron tubes perform other functions, 
such as converting electric power into light, as in the cathode-ray tube 
used in television reception, and indirectly, as in the X-ray tube and a 
fluoroscopic screen. 

For High Frequency. —Electron-tube control is used to generate high- 
frequency alternating power, now widely used in radio transmission. 
High frequency is useful in the heating of metals and insulating materials 
in many manufacturing processes. 

For Amplification. —The amplifying function may prove very useful 
in the more complicated systems of control, as, when it is used, so little 
power is required for the initiating control. The control relays con¬ 
trolling the grid circuit of tubes can be made very small, the burning of 
contacts will be eliminated, and very little heat will be developed. This 
type of control can be sealed up in an airtight container, to eliminate 
dust, corrosive gas, and moisture. The control box will be small, so that 
it can be readily replaced by a spare unit and taken to the shop for repairs. 



CHAPTER XX 

PROTECTIVE DEVICES 


The National Electrical Code specifies the required branch-circuit 
protection for motor feeders and the minimum size of wire permitted. 
This overload protection is intended primarily to prevent damage to the 
branch feeders that would cause a fire hazard. It also affords short- 
circuit protection to the motor and the control, but it does not protect 
them from operating overloads. This latter protection is part of the 
controller. 

In addition to overload protection, industrial controllers are com¬ 
monly provided with such protective devices as low-voltage release, etc. 
Some of these devices are designed to protect the motor against abuse; 
others are for the protection of the operator or the machinery driven by 
the motor. The more common devices are for protection against the 
following conditions: 

i 1. Overload. 

‘ 2. Low voltage. 

3. Phase reversal. 

:,4. Phase failure. 

5. Shunt-field failure. 


OVERLOAD PROTECTION 

Fuses.—The oldest form of overload protection is the fuse, consisting 
of a strip of metal in the main circuit that is melted, or fused, when the 
current exceeds a predetermined value. The earlier forms of fuse con¬ 
sisted of an open link. A better and more accurate fuse was obtained 
by enclosing the fusible link so as to give it a more definite time element 
and prevent the particles of molten metal from dropping on surrounding 
objects. Fuses are easy to obtain in the ordinary sizes, as they are 
carried by most supply houses. Small fuses are inexpensive where only 
occasional overloads are experienced. Where the motor is worked hard, 
with the result of repeated blowing of the fuse, the cost of fuse renewals, 
even for small motors, becomes excessive, and it is cheaper to use some 
form of overload device that does not require renewal. A knife switch 
should be provided for disconnecting the fuses from the line before they 
are renewed. Even the best designs of fuse are not very accurate, so that 
it is necessary to overfuse a motor somewhat to be sure of having a fuse 
of sufficient capacity^ The inherent time element in a fuse is a distinct 
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advantage on a motor load, as the fuse will not respond to momentary 
variations in load, although it will act promptly on excessive overloads. 

Fuses are now available that have a heater element in parallel with 
the fusible link, to increase the time of opening on normal overloads but 
give quick.opening on a fault condition. The fusible link alone does not 
develop sufficient heat to melt it on normal overloads. The opening 
depends upon the transfer of heat to the link from the heater, which 
requires more time than would the direct heating of the link. 

High-voltage fuses (2,200 volts and over) are made with a boric acid 
filler, which extinguishes the arc. These fuses have some time element 
inherent in their design. 

Fuses used in polyphase motor circuits will cause single-phase opera¬ 
tion if one fuse opens and, therefore, may cause a motor to burn out. 
Instead of fuses, three pole-circuit breakers should be used, where possible 
for these motors. When conditions make it necessary to use a fused 
switch, the heater type of fuse affords better protection. 

Circuit Breakers.—The circuit breaker is a switch provided with an 
overload trip, which may consist of a magnet with a movable core. The 
attraction of the core of the magnet trips the circuit breaker and opens the 
circuit. Usually the current at which the circuit breaker trips is adjusted 
by changing the air gap between the core and its pole face. The over¬ 
load trip can be provided with a dashpot for giving it a time element. 
This should always be done for motor loads. The overload trip of the 
current breaker may be a bimetal element with a heater in series with 
the circuit. The heater causes the bimetal to bend and trip the latch 
holding the breaker closed on overload. The heater element is selected 
for the proper tripping current. Most circuit breakers are reset or closed 
by hand, although magnetic reset can be provided. No new parts are 
required for reestablishing the circuit after the circuit breaker has opened. 
The continual rupturing of the circuit gradually wears away the arcing 
tips of the circuit breaker so that these must be renewed occasionally. 

Overload Relay.—The overload relay is a small device that opens the 
circuit to the operating coil of a magnetic contactor or to the low-voltage 
coil of a circuit breaker. The relay closely resembles the overload mecha¬ 
nism of a circuit breaker, with the addition of the small contacts referred 
to above. The relays of the magnetic type (see Fig. 290) should be pro¬ 
vided with dashpots, to give an inverse time element when they are used 
with motors. When the overload relay is used in connection with mag¬ 
netic contactors, arrangements can be made for reestablishing the electric 
circuit from a push button or a master switch. When the relay trips its 
pilot circuit, this circuit may be maintained open by a mechanical latch 
on the relay or it may be opened through an electrical interlock on the 
magnet contactor. If a mechanical latch is used on the relay, this latch 
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may be released either by hand or by another small magnet. The two 
methods are known respectively as “hand reset” and “magnet reset.” 
Where the circuit through the relay contacts is opened on an interlock 
attached to the main contactor or through another relay, the device is 
known as “electrically reset.” The hand reset on the relay is not recom¬ 
mended for most applications, as it is not desirable for the operator to 
place his hand near the live parts on the control panel. 



Fig. 290.—Sectional view of a dashpot overload relay—single pole. Two adjacent 
magnets can be used in each of two power lines arranged so that either magnet will open 
the contact that in turn opens the line contactor (see Fig. 291). 

Time-element Overload Tripping.—The ideal overload motor pro¬ 
tection is a device that will permit the motor to carry safe overloads for 
short periods, but will open the circuit when the motor begins to overheat. 
The device must open the circuit quickly if a fault occurs. The device 
should have a time-delay element that closely follows the motor tem¬ 
perature. This is best done by mounting the overload relay on the motor 
in a way that makes its tripping element follow the motor temperature. 
Item 14 Section I in Table 6 shows this type of relay. Additional pro¬ 
tection is required to guard against short circuits or grounding, usually the 
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circuit breaker protecting the feeder. The thermal relay (Table 6, Items 
5, 6, and 9 to 13) affords reasonable protection for motors operating on 
short-time loads, such as those of cranes, hoists, elevators, and machine 
tools. In many cases, the dashpot relay will be satisfactory. 

The nature of the work done in most of the motor applications places 
a limit on the normal overload. When an accidental condition occurs, 
the increase in load is so much above normal, that it operates the over¬ 
load device even when it is set high enough to carry the short-time 
peak loads. The correct selection of the motor size permits the use of an 
ordinary time-delay overload device. 



s 





Fig. 291.—Two-magnet overload relay with dashpot time delay (see Fig. 290 for sectional 

view). 

Thermocouples are inserted in the winding of large motors and gener¬ 
ators and connected to switchboard instruments, to indicate the winding 
temperature so that the load can be properly regulated. 

Overload devices with two coils or heaters usually afford reasonable 
protection for two- and three-phase motors and feeder circuits, but a coil 
in each phase is required for some conditions, as is set forth in the National 
Electrical Code, which should be consulted if there is any doubt as to two 
devices being adequate. 

Figure 290 shows a commercial form of overload relay having a dashpot 
to give it an inverse time-element feature. Another form of relay has a 
copper disk rotating between the poles of permanent magnets to provide 
a definite time element. The dashpot type of relay is usually designed to 
give an inverse time element on increasing loads. Sometimes it is oper¬ 
ated from series transformers with saturated cores, to limit the pull on 
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Iig. 292. —Westinghouse thermal overload relay with two overload elements of the bimetal 

type with heaters 
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Fig. 294. —General Electric thermal overload relay of the bimetal type with separate 
heater. This isothermic overload relay gives overload protection to the motor and the 
machine. It can be set for either manual or automatic reset, a. The photograph of the 
relay, with the cover removed, shows heater, thermostatic strip, and control-circuit con¬ 
tact. The heater unit, carrying the motor current, causes the thermostatic strip to deflect 
upward and open the contacts with a snap action. This relay is used with 2 hp. starters. 
b. The time required to trip the relay in a and the time required to reset the contacts. 
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abnormal overloads. This latter form of relay is known as a fixed time- 
element relay. It is the preferable form to use in connection with a con¬ 
troller that is connected to a large power-supply line and is provided with 
a separate feeder circuit breaker for taking care of short-circuits. 



Fig 295a —General Electric oil-immersed induction type overload relay for motors only 
—single coil On heavy cui rents, that oveiheat the motor quickly, the lelay operates 
quickly, on currents slightly above normal that require some time to overheat the motor, 
the relay action is delayed The advantage of this relay over a magnetic dashpot relay 
is its ability to “remember” previous intermittent overloads because of its thermal storage 
capacity This means that the heating element of the relay can be brought up to tripping 
temperature by being successively subjected to small increments of overload, which would 
not m themselves trip out the starter, but which would eventually create dangerous 
temperatures within the motor 

a, Bimetallic strip that deflects when heated, opening contacts b, Heavy steel core 
provides rigid support and accuiate operation under all conditions c, Rating determined 
by coil selected d, Coil easily removed by simply unscrewing retaining cap e, Bimetallic 
strip firmly attached to sleeve so that heat generated by current in sleeve is transmitted 
directly to deflecting strip /, Copper sleeve acts as secondary of short-circuited tians- 
former to conduct cunent proportional to that m motor g , Plunger pm trips snap-action 
mechanism when overload occurs 


Some operators are under the impression that it is desirable to adjust 
the time element of dashpot overload relays This adjustment would be 
desirable if a long time element were obtained Commercial forms of 
relays do not afford a time element that compares in length to the time 
required to heat up even small motors It is desirable, therefore, to 
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Minute* to trip 

Fia 2956—The time lequired to trip the relay Fig 295a Note that this type of 
relay has a much longer time delay than the bimetal type The tripping curve shows how 
closely the temperature chaiactenstic matches that of a motor 
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Fig 296 —Westinghouse invar-type single-pole overload relay This type TI-2 over¬ 
load relay has both thermal time delay for moderate sustained overloads and instantaneous 
trip for abnormal loads The time-delay feature makes use of invar, a metal that is mag¬ 
netic at ordinary temperature but loses its magnetism at 240° C The current passes 
through the coil and the invar strip shown just above the coil, thence to the other lower 
stud Part of the magnetic flux passes through this invar strip and locks the armature m 
the open position until the current heats the invar strip to 240°C This gives the time- 
delay overload feature On very heavy overloads the magnetic pull on the armature is 
sufficient to break the mvai lock-out pull and close the armature opening the control circuit 
instantly 
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obtain as long a time element as possible with the dashpot relay, and any 
adjustment provided should be set to give the maximum time element. 
But if too long a time element is attempted with the dashpot relay, there 
is a tendency for it to stick under adverse conditions. It is necessary, 
therefore, to adjust this time element so that the maximum time given 
will ensure satisfactory operation. 



Motor current, per cent 

Fig 297 —The performance of relays in Fig 296. 


All motor circuits should be protected by feeder circuit breakers or 
fuses. If the feeder circuit is connected to a very large transformer or to 
a power circuit having large capacity back of it, the feeder circuit breaker 
should be of ample capacity to take care of the power ahead of it in case of 
a short circuit to the feeder or the apparatus connected to this feeder. 
This circuit breaker must have a less time element on its trip than that 
obtained with the overload relay on the controller panel. 

The thermal overload relay has two elements, a heater in series with 
the circuit to be protected and a heat-responsive element. The heater 
is selected to suit the ampere rating of the circuit and the time delay is the 
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Fig 298 —Westmghouse bimetal disk overload relay Heat causes the disk to snap from 
the dotted position to the one shown m solid lines The contacts have quick make-and- 
break action. 




Fig 299 —Allen-Bradley Company thermal overload relay solder-pot type with 
separate heater The i esisto-therm oveiload relay operates on the soldered-ratchet 
principle The heart of the relay consists of a heater stem that is almost completely sur¬ 
rounded bv a resistance coil or icsistance strip carrying the main motor current The other 
end of the heater stem has a ratchet wheel soldered to it This ratchet wheel engages a 
pawl, that holds the relay contacts closed against spring tension A sustained overload 
on the motor heats up the resistance unit which, in turn, heats the stem and finally melts 
the solder Once the solder is melted the ratchet wheel is free to turn, and the conta cs are 
forced open by spring action This opens the coil circuit of the switch and disconnects the 
motor from the line The time required to open the motor circuit is very short in case of 
heavy overloads and much longer with light overloads Only a few seconds are required for 
the solder to cool and hold the ratchet wheel firmly in place, allowing the relay to be rest 
by pressing a Reset button The relay can be reset any number of times without affecting 
the accuracy or the reliability of the protection provided 

a A shows contacts m open position Pressing Reset button transmits pressure to 
point B and thus recloses the relay b Current-time characteristic of the resisto-therm 
relay. Curve A is the average motor-heating curve. Curve B illustrates the tripping 
time of the resisto-therm relay 
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time required to transmit the heat to the tripping device. The trip 
operates only when the heat exceeds a fixed value. A.bimetal strip is 
generally used as the heat-responsive element. It bends or deflects when 



Fig. 300.— a. Alleri-Bradley Company inducto-therm relay for a.c. motors only. The 
induoto-therm relay utilizes the heating effect created by a cuirent induced in a copper 
heater tube. 

The relay operates on the soldered-ratcliet principle. Its contacts are held in a closed 
position by a reset lever, which engages a soldered ratchet wheel. An overload current 
through the magnetizing coil of the relay increases the induced current in the copper 
heater tube in direct proportion to the overload current, which, if the overload remains on 
long enough, will melt the solder, release the ratchet wheel, and trip the relay. The con¬ 
tacts must be reclosed manually by pushing the reset lever to the right as soon as the copper 
tube cools sufficiently to solidify the solder. The relay’s accuracy depends only upon the 
melting point of the utectic solder, which is a definite value and remains constant. 

The tripping value of the relay is adjustable over a wide range of current ratings by 
simply changing the position of the threaded iron ore within the magnetizing coil. By 
the lowering of the core, the magnetic flux becomes weakened and a greater overload cur¬ 
rent is required to melt the solder. 

This relay can have a plunger and dashpot added to trip the retaining latch and provide 
inverse-time overload protection against abnormal loads such as locked rotor. 

6. Time-temperature curve of relay in a. Curve A is the average motor-heating curve. 
Curve B represents the tripping time of the overload relay. 

c. Diagram of a showing the frame, coil, threaded core, heater tube, ratchet wheel, and 
magnetic flux. 

heated and trips the control-circuit contact open when it is heated enough. 
Figure 292 shows how such a relay works. The curve indicates its trip¬ 
ping time on various loads. 
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Figures 295, 296, and 300 show relays that combine time delay for 
normal overloads and instantaneous trip on short circuit. Figure 298 
is a type of bimetal-disk overload relay. 

LOW-VOLTAGE PROTECTION OR RELEASE 

Devices of low-voltage protection or release are arranged for dis¬ 
connecting the motor from the line on the failure of voltage. The 
National Electrical Manufacturers Association recognizes two forms of 
this protection: 

Low-voltage Release. —This provides for disconnecting the motor 
from the line on the failure of voltage, but permits the motor to start 
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Fig. 301.—Square D Company thermal-overload relay of the bimetal type with one- 
half of the insulating block removed to show its operation. To the left is the control 
switch that is tiipped by the bimetal element pressing against a pin. The daik U-shaped 
piece is the bimetal that is heated by the bright U-shaped “heater” projecting inside of the 
bimetal. The heater is selected for the correct load. The screw at the light adjusts the 
tripping from 85 to 115 per cent of the heater rating. The element projecting out at the 
top is for i ©setting the relay by hand when it trips or for changing it for automatic reset. 

automatically when line voltage is reestablished. Such a device is 
the magnetic-contactor control with automatic acceleration. It is used 
for pumps, fans, and similar applications, which should restart auto¬ 
matically when the voltage is restored to the line. 

Low-voltage Protection. —This device disconnects the motor from 
the line on the failure of voltage and prevents the motor from being 
started again on reestablishment of line voltage. In order to start the 
motor, the operator must push a button or operate a lever. This latter is 
a very necessary precaution where the motor is used for driving machine 
tools or woodworking machinery, printing presses, or in fact, any device 
that might cause injury to a person working on the machine. 
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These devices are sometimes known as “undervoltage” instead of 
“low voltage,” both terms having the same significance. Usually they do 
not respond to a small drop in voltage. 



Fig 302.—The Square D Company melting alloy overload relay. 
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Fig 303 -Time-temperature curves of Square D Company relays a, gives the tripping 
characteristic of a melting alloy relay, b, gives the tripping characteristics of a bimetal 
relay with separate heater. 


PHASE-REVERSAL PROTECTION 

The device for phase-reversal protection operates to disconnect the 
motor from the line in case one of the phases of the polyphase circuit has 
been reversed. Such reversals sometimes occur when repairmen are 
installing service transformers or making other repairs. The effect of 
such a reversal is to cause the motor to operate in the opposite direction. 
For some applications such a reversal will not cause any damage, but 
where the motor drives an elevator or hoist a serious accident may result. 
Some public-service corporations supplying electric power to users require 
the installation of a reverse-phase relay device on all elevator motors to 
protect them from liability resulting from such an accident. There are a 
number of these devices now in the market. Some of them consist of a 
small relay having two parts, corresponding to the stationary and the 
movable element of a motor or wattmeter (see Fig. 304). Power supplied 
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to these parts causes rotation in a definite direction. The torque thus 
established maintains a contact in the closed position and represents 
normal operation. If either phase is reversed, the torque of the relay is 
also reversed, which opens the contact and disconnects the control and 
the motor from the line. 



Fig. 304. Fiu. 305. 


Fig. 304.—Combined phase-failure and phase-revei sal relay of the wattmeter or motor 
type. The coil for the contactor in the motor circuit is connected through the contact in 
the relay. This contact is held open by a spring and is clobed as a result of the torque 
exerted by two coils connected to two of the three phases. These coils set up a motor action 
that forces the contacts together against the spring pressure when the phase relation is 
correct. If any of the three phases is reversed, the torque on the wattmeter movement is 
reversed and the contact opens. If the voltage fails in either phase, the torque is reduced 
to zero and the spring opens the contacts. 

Fig. 305.—Combined phase-failure and phase-reversal relay for a three-phase circuit. 
This consists of two small relays the contacts of which are closed by electromagnets. Relay 2 
is connected across one phase of the circuit and remains closed as long as that phase is 
energized. The coil of relay 1 is connected between the three phases of the circuit, one end 
of the coil having an inductor in one branch and a resistor in the other branch. This com¬ 
bination brings the current in the two branches of the circuit so that its effect upon the 
coil of relay 1 is added when the phase relation is correct. On a reversal of phase relation, 
the currents in the two legs of the circuit through the coil of relay 1 oppose each other and 
the relay drops open. On failure of voltage in any one of the three phases, relay 1 is opened 
either directly or through the opening of relay 2. The contactor coil for the control is in 
circuit with the contacts of relay 1 so that the opening of this relay disconnects the motor 
from the line. 

Another form of relay is shown in Fig. 305. This relay is made up of 
standard contactors. The operating coil is supplied through two circuits, 
as shown. One of these circuits has a resistance in series with it, the 
other an inductance. The resistance and the inductance cause a dis¬ 
placement between the two phases, so that when their effect is added the 
relay is maintained closed. If either phase is reversed, the phase angle is 
changed, causing the two circuits to oppose each other, reducing the mag¬ 
netic action on the coil, and opening the relay. In the case of the two- 
phase arrangement, the contactor is provided with two separate coils, 
one in each phase. 

Some devices of this character have been designed to close a circuit 
on reversal of phase, rather than to open it. Such devices have special 
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applications in connection with power circuits, but they are undesirable 
for industrial control, as the failure of the contacts to make a good elec¬ 
trical connection or the breaking of one of the wires would prevent such a 
device from operating. Where the contact is closed for normal operation, 
the breaking of a wire or the failure of the contact would disconnect the 
controller from the line and automatically stop the motor, which is a safer 
arrangement. 


PHASE-FAILURE PROTECTION 

Sometimes one line of a polyphase circuit may be opened accidentally. 
If the motor has not started, it will fail to do so and may be injured by 
being left connected to the line. This can easily happen in a mechani¬ 
cally-operated elevator control, where the failure of the motor to start 
might cause the operator to leave the controller in the running position. 
By the use of a low-voltage device across two phases of the three-phase 
circuit, or one relay for each phase of the two-phase circuit, the motor can 
be protected from such an accident. The relays are connected in such a 
way that the main switch will not close until both relays are closed. 
This arrangement is often combined with a phase-reversal relay device 
to give protection from both phase reversal and phase failure (see Figs. 
304 and 305). 

If a motor is rotating and one phase is opened, the motor will continue 
to operate single phase if the torque docs not exceed the single-phase 
torque of the motor. Such operation, however, causes the whole load to 
be carried by one phase of the motor and may seriously overheat these 
windings. If the overload protection is set at a low enough value, it will 
protect the active phase from an excessive overload. Unfortunately, such 
overload devices are frequently set too high to afford proper protection. 
While the motor is operating, voltage is maintained across all three ter¬ 
minals of a three-phase motor or across both phases of a two-phase motor, 
owing to the active phase generating voltage in the inactive circuit. The 
voltage generated in the inactive circuit is very little less than the normal 
voltage, so that any phase-failure device depending upon a drop in volt¬ 
age for operating it will not respond when connected to a rotating motor. 
Fortunately, many installations, such as elevators, hoists, etc., operate for 
only a short time without coming to rest, so that a phase-failure device 
will operate the first time the motor is brought to rest and prevent its 
restarting. 


SHUNT-FIELD FAILURE 


Shunt-wound d.c. motors may operate at an abnormal speed and 
destroy themselves by centrifugal action if the shunt field becomes dis- 
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connected from the line. While this kind of accident is of very rare 
occurrence, guarding against it in some particular cases is thought advis¬ 
able. The usual method of guarding against this form of accident is to 
provide a relay and place its magnet winding in series with the shunt- 
field circuit of the motor. When this relay is energized, it closes the 
pilot circuit to the controller. If the shunt-field circuit should open, 
this relay will open the pilot circuit to the controller, which in turn dis¬ 
connects the motor from the line. 

One serious objection to the use of this relay is the transformer action 
that takes place in the motor as a result of sudden changes of load. This 
action is particularly noticeable when the motor is compound wound. A 
rapid change in load causes a change in the field flux. This exerts a trans¬ 
former action on the shunt-field windings and may be sufficient momen¬ 
tarily to reverse the current in these windings. This does not mean that 
the flux in the field circuit of the motor is reduced to zero. It simply 
means that the rate of change of the flux is sufficient to generate a counter 
voltage in the shunt-field windings large enough to cause a momentary 
pause in the current through these windings. This is not very hard to 
do, as the shunt field usually has a very large number of turns, which, 
multiplied by a small change in flux, will cause a considerable voltage. 
A reaction of this kind in the shunt-field circuit of the motor may cause 
the relay to drop out and disconnect the motor from the line. The con¬ 
nections* to the controller are such that, when the relay does open the 
circuit, the motor will not start again automatically. It requires action 
on the part of the operator to reset this relay. 

A number of devices have been used to delay the action of this relay 
to prevent an interruption of service. One method consists in adding 
considerable inertia to the moving parts of the relay by means of a pivoted 
weight or similar device. Another method is to use a heavy tube of 
copper around the magnet core. This copper tube acts as the short- 
circuited secondary of a transformer and delays any change in magnetism 
in the relay. Usually one or the other of these devices will prove satis¬ 
factory, although in aggravated cases additional precautions must be 
taken. 

Engineers, as a rule, do not consider it necessary to use shunt-field 
protective relay except with large motors that may run light under certain 
conditions of load. Safety devices of any character should be avoided 
where they are unnecessary, as they add complication to a control equip¬ 
ment and require additional inspection and care to maintain it in an 
operative condition. It is seldom that any safety devices are used other 
than overload and low voltage. Wherever a safety device is used, it 
should be tested at frequent intervals, to ensure its proper operation in 
case of accident. 
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Table 7.—Relay Classification 1 
I. Overload protection 


Type and application 

Mechanical 

construction 

Principle of operation 

1. Fuse . A fuse is used when 
overload and short-circuit 
protection cost must be mini¬ 
mized. When applying fuses, 
maximum ratings should ap¬ 
proximate 150 % full-load cur¬ 
rent of d.c. and a.c. wound- 
rotor motors, and 250 to 300 % 
of full-load current of squirrel- 
cage motors 

ifjbre lube 

ApS Ss 

Ferrule - F e Insulating 
terminal mre powder 

Non-Renewable Cartridge 
Type of Fuse 

Contact blade 

7 " 7 “—■ 

C/ampmg c l p Renewable 
steeve fube tmk 

Renewable Link Knife- 
Blade Type of Fuse 

Properly applied fuse carries 
110% full-load current indefi¬ 
nitely. At 150% full-load 
current, fuse link melts and 
breaks circuit in specified time 
in accordance with rating. 

2, Instantaneous Magnetic Re¬ 
lay. Protects against high 

Movma contact 

Current through coil produces 

to trip instantaneously at a 
current above motor peak 
starting current. Interrupt¬ 
ing capacity of line contactor 
determines maximum current 
that can be interrupted safely. 


Stationary 
\ contacts 

\ Armature 

\ Iron frame 

and to break contacts. 
Weights or springs opposing 
armature movement determine 
current value at which relay 
instantly trips. 

3. Time-delay Magnetic Re¬ 
lay. Protects running motor 
against sustained currents 
only slightly above full-load 
current. Dashpot or other 
damping means prevents trip¬ 
ping on peak starting current 
or momentary high overloads. 


• Moving contact 

Addition of dashpot to No. 2 
relay prevents tripping on 
starting or momentary high 
currents. Delay period is in¬ 
versely proportional to sus¬ 
tained overload current. De¬ 
energization of power circuit 
after relay operation permits 
instant return of armature. 
Relay may be designed for 
closing or resetting contacts 
automatically, manually, or 
electrically. Number of turns 
and current capacity of coil 
determine specific rating. 


^“Stationary 

1 ^ contacts 

i dtfffArmature 
^ Iron frame 

OhS Piston 
|jggj Orifice 
s Dashpot 


1 This table was prepared by R. B. Immel, design engineer, and was published in Product Engineering. 
See this publication for more details. 






PROTECTIVE DEVICES 


301 


Table 7.—Relay Classification.— {Continued) 
I. Overload protection 


Type and application 

4. Deion Boric Acid Power 
Fuse. Used with low inter- 


Mechanical 

construction 


rupting capacity switches on 
a.c. circuits to obtain high in¬ 
terrupting capacity. Instal¬ 
lation of single circuit breaker 
of equal capacity and discon¬ 
necting means usually costs 
20 to 50% more. Fuse is 
usually arranged to serve also 
as a means of disconnection. 
Links are renewable in ratings 
of 7.5, 15, 23, and 34.5 kv. 
with interrupting capacities 
of 0.45, 0.75, 1.0 and 1.2 mil¬ 
lion kva., respectively. 

5. Thermal Overload Relay. 
Protects against sustained 
overload currents at 115 to 
125 % full-load motor current 
to values slightly exceeding 
locked rotor current. Usually 
ideal for running protection 
because thermal lag prevents 
tripping on starting or mo¬ 
mentary high currents. Two 
separate relays or a combina¬ 
tion relay with two or more 
current elements are usually 
employed on three-phase a.c. 
circuits to protect all phases 
and prevent the motor oper¬ 
ating on single phase. Relay 
must have fuse or circuit- 


-Spring 


Pmprevents 
twisting fuse link 
P/unger 
•Boric acid 
Fibre tube 

Auxiliary 
fuse wire 
Strain dement 
Mam fuse 
Ferrule 
Gap 
'Disk 


SINGLE POLE BIMETALLIC DISK 
TYPE THERMAL OVERLOAD RELAY 
Moving contact 

* 7Stationary 
—2 contact 
< 'Insulation 
base 



TW0-P0LE THERMAL RELAY 
Insulated operating rod 
^ Stationary 
> contact 
-Moving 
u 0 ^. n - / - - J contact 
r Normal ^Contactsnap 
bi metal position spring 


bimetal tapped 
posttiog. 


breaker protection against 


short circuits. 


6. Thermal-melting Alloy Re¬ 
lay. Gives inverse time limit 
protection against sustained 
overload. Usually designed 
for manual reset since there is 
no automatic force available 
for resetting. * 


Latch 
• Moving 
/ aQ)_ .-contact 
Ratchet j 1 Spang 
wheel l b-t-I 



"Shaft 

Heater 


Principle of operation 


At certain current value, main 
fuse link burns out and re¬ 
leases plunger, which pulls a.c. 
arc through boric acid in 
center of tube. Auxiliary fuse 
wire interrupts small arc. 
Larger arc is extinguished by 
deionizing action of water 
vapor, which is produced by 
reaction between arc and boric 
acid, when deionization of air 
medium exceeds rate of ioniza¬ 
tion by the arc. 


Heat expands one side of bi¬ 
metallic disk or strip more 
than the other, thus causing 
warping or deflection, which 
will make or break a contact. 
Since deflection of flat strip 
is slow, a quick-acting con¬ 
tact mechanism is usually 
employed to prevent burning 
of contacts. Disk-type ele¬ 
ments reverse convexity sud¬ 
denly. Tripping time is in¬ 
versely proportional to sus¬ 
tained overload current. 
Cooling rate of bimetal deter¬ 
mines times for reset. Relays 
may have automatic or man¬ 
ual reset. 


Ratchet wheel and shaft, to 
which torque is applied 
through spring latch, are re¬ 
strained from rotating by low- 
melting alloty%in bearing box. 
Melting of alloy at predeter¬ 
mined temperature produced 
by heating coil when sustained 
overload current occurs, per¬ 
mits contacts to open. Reset¬ 
ting awaits refreezing of alloy. 
All friction is overcome by use 
of a strong operating spring. 
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Table 7.—Relay Classification. — {Continued) 


I. Overload protection 

Type and application 

Mechanical 

construction 

Principle of operation 

7. Instantaneous Magnetic- 
trip Circuit Breaker. Air cir¬ 
cuit breakers have higher in¬ 
terrupting current capacity 
than most contactors. They 
may be considered a combi¬ 
nation of overload relay and 
circuit-opening device. They 
are often made for a multi¬ 
plicity of main circuits and 
may be equipped with various 
operating and tripping mech¬ 
anisms. 

OPEN POSITION 

^ ,ps 

“raL, y? Stationary 

Kr nJ . contacts 
(ffldfaS&Mw/ng contacts 
fWi —y Manual 

hL&MSV operating 

^ handle 

|-L_ vffizA'tron frame 

Armature 

Magnetically actuated trip¬ 
ping pin opens toggle-held 
arcing contact and main cur¬ 
rent-carrying contacts at spec¬ 
ified overload current. 

8. Time-delay Magnetic-trip 
Circuit Breaker. Air circuit 
breakers with dashpot damp¬ 
ing are applied widely on d.c. 
and low-voltage a.c. circuits. 
Dashpot permits closer setting 
for tripping current because 
momentary or starting cur¬ 
rent peaks will not trip 
breaker. Oil circuit breakers, 
whose mechanisms and arc¬ 
quenching principles differ 
from those shown, are usually 
applied to high-voltage and 
high-power a.c. circuits. 

CLOSED POSITION 

4 |P“l Toggle 

1 wwf Lafch 

ffUMfj-- Piston 
-Dashpot 

Addition of dashpot on circuit 
breaker delays tripping time 
in inverse proportion to sus¬ 
tained overload current. Il¬ 
lustrated breaker-mechanism 
contacts cannot be held closed 
manually on high currents, as 
the tripping device will oper¬ 
ate regardless of whether 
breaker handle is held or is 
free. This mechanism is 
called “trip free.” 

9. Thermal and Magnetic-trip 
Circuit Breaker. Combined 
inverse time-delay thermal 
and instantaneous magnetic- 
trip protection is obtained by 
a relatively simple, low-cost, 
and small-sized circuit breaker 
for low-voltage a.c. and d.c. 
circuits. Frequently applied 
to line-starter and similar 
apparatus for overload and 
short-circuit protection and 
disconnect-switch service. 
Capable of interrupting 5,000 
to 10,000 amp. Single- and 
multiple-pole assemblies are 
available. 

OPEN POSITION 
Operating handle 
Springs p^-S^'metat 

Contact 

Stationary j V 'Armature 
cot tact j \ latch 

Arong Moving latch 

yr/ds 

Q CLOSED 
^POSITION 

Contacts are closed by handle, 
which is connected to moving 
contact by a biasing spring. 
Thermal overload protection 
is provided by bimetal ele¬ 
ment, which moves trip latch 
when sufficiently heated. In¬ 
stantaneous magnetic trip for 
predetermined high currents is 
provided by series coil and 
electromagnet. When latch is 
made ineffective by thermal or 
magnetic action, contact arm 
bearing moves to such a posi¬ 
tion that the contact is 
opened by biasing spring. 
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Table 7.—Relay Classification.—( Continued) 



I. Overload protection 

.vt, 

Type and application 

Mechanical 

construction 

Principle of operation 

« 

10. Thermal and Magnetic 
Relay. Used to protect d.c. 
motors against overload. 
Delay of thermal element be¬ 
fore opening of control con¬ 
tacts is inversely proportional 
to current for low and medium 
overloads of 120 % or more of 
full-load motor current. 

Moving contact 

j Insulated 

Iron : operating rod 

frame :/ Stationary 

! j 2.s contact 

Vertical 

: armature 

\A for mst trip 
\ Springs 

cor e ’Sr th ‘ rma,tr "‘ 

/-c^-2 RELAY 

Thermally actuated armature 
is normally held by spring and 
magnetic attraction of invar 
heater carrying motor current. 
Heater magnetism is lost at 
about 465°F. and armature is 
attracted to magnetized frame, 
thus opening control contacts. 
Separate magnetically actu¬ 
ated armature operates in¬ 
stantly on higher current. 

Magnetic element trips con¬ 
tacts instantaneously on high 
overload currents of 200 % or 
higher. 

Opgg TRIPPED 

THERMALLY 

RELAY 

Gw® tripped 

U oSaTgp MAGNETICALLY 

Thermal relay must be ad¬ 
justed to operate at 12 to 
20 % above motor current. 
Magnetic trip may be ad¬ 
justed to operate at 200 to 
600 % full-load current. 

11. Transformer-type Thermal 
Relay. Current element with¬ 
stands more severe overload 
and short-circuit currents 

Spring Moving Contact 

Bimetal element is deflected 
upward by heat produced by 
secondary transformer cur¬ 
rent, which is determined by 

than some other thermal 
relays. Can be applied only 
to a.c. circuits; therefore, 
usually built with two poles. 
Trips at specified value of 
primary ampere turns. The 
construction shown automati¬ 
cally compensates for ambient 
temperature. 

A B Primary 
Secondary winding 
winding 

number of turns and current 
capacity of primary coil. Il¬ 
lustrated relay is compensated 
for ambient temperature 
changes by upper bimetal 
element, which neutralizes 
deflections of heated element 
caused by ambient tempera¬ 
ture. 

12. Inductive Thermal Relay. 
Especially suitable for oil 
immersion. With automatic 
reset it should be used only 
for protecting low-voltage pro¬ 
tection circuits. For two-wire 
control circuits, only the man¬ 
ual reset or an auto-reset 
relay plus a reset relay should 
be used, the latter serving to 
“lock out” the control when 
an overload occurs. 

Insulated housing 
Bimetal ' Stationary contact 

mm 'Moving 
mm j|r contact 

Copper > Coil 

tube iron core 

Copper tube inside coils and 
around an iron core acts as a 
short-circuited secondary of 
transformer. Heat generated 
in tube, which is proportional 
to coil current and number of 
turns, is transmitted to bi¬ 
metal element, causing it to 
deflect and open control con¬ 
tacts when damaging over¬ 
loads occur. 
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Table 7.— Relay Classification. —( Continued) 
I. Overload protection 


Type and application 


13, Inductive Melting+alloy 
Relay . Applicable only to 
a.c. circuits and usually has 
manual reset. Differs from 
No. 6 only in method of heat¬ 
ing alloy metal. Relay is ad¬ 
justable within certain limits 
for each coil. 


14. Thermostatic Disk. Pro¬ 
tects against overheating of 
motors when caused by such 
conditions as too-frequent 
starting, sustained or frequent 
overloads, high ambient tem¬ 
perature, ventilation failure or 
abnormal voltage. Addi¬ 
tional overload apparatus 
must be used if protection is 
required against stalling and 
phase failure. 

Bimetallic disk is usually 
mounted on frame of squirrel- 
cage motor and on winding of 
synchronous wound rotor or 
d.c. motors. It may open 
power circuit by means of a 
contactor or close an alarm 
circuit. 


Mechanical 

construction 

Ratchet / 
wheel 

Alloy . 
metal 

Copper Jr 
tube Jlr 

loving 

'ontad 

‘ Stationary 

contact 

Adjustable 

core 

■ 

Iron frame 


Thermostatic, disk 
applied to squirrel 
cage motor 
Bimetallic disk 


Insulation Motor 
Stationary frame 
contact 

Thermostatic di c k applied to 
windings of d c wound rotor 
or synchronous motor 
stf Steel 

housing 

Copper heat Motor 
conducting strip w,nd,n 9 


Principle of operation 


Heat from inductively heated 
copper tube is transmitted to 
low-melting alloy around shaft 
of ratchet wheel. Melting of 
alloy at predetermined tem¬ 
perature produced by sus¬ 
tained overload current in coil 
permits spring to rotate 
ratchet wheel and open con¬ 
tacts. ' Heat generated in tube 
may be varied by changing 
position of core, thus varying 
the magnetic flux in the tube. 


Principle explained for No. 5. 
Actual motor heat rather than 
that produced by heating coil 
actuates bimetallic disk. Re¬ 
setting awaits cooling of motor 
frame or winding. 


11. Overload relay accessories 


1. Saturating Inductive Shunt. 
Connected in parallel with 
heater of a.c. thermal overload 
relay to increase tripping time 
during starting of high inertia 
loads and to protect heater 
from high overload current. 
Less expensive than a current 
transformer. 


Iron punching 



A £ 


When thermal overload relay 
heater carries rated current, 
potential drop across heater 
is below saturation voltage of 
reactor and very small current 
is diverted from heater. Re¬ 
actor saturates at high over- 
currehts and a large current is 
shunted through it. Winding 
current capacity and number 
of turns determine rating. 
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Table 7—Relay Classification—( Continued) 
II Overload relay accessories 


Type and application 

Mechanical 

construction 

Principle of operation 

2 Saturating Current Trans¬ 
former Used to extend oper¬ 
ating range of a c thermal 
overload relay heater, to in¬ 
crease tripping time, and to 
protect heater against high 
overload current 

Primary 

winding^ P 

fey) 

Secondary 1 i 
winding E F 

When primary current is low, 
secondary or heater is directly 
proportional to ratio of pri¬ 
mary to secondary winding 
turns High primary current 
saturates iron core and ratio 
of secondary to primary cur¬ 
rent diminishes 


III Overvoltage 


1 Instantaneous Relay Ap¬ 
plied to circuits and equip¬ 
ment where an increase in 
voltage over normal or rated 
voltage may damage electrical 
apparatus or affect output of 
dnven machinery 

.. Insulated 

Mov _ l 9. operafng 
contact rod 

, Statonary 

II HE/ con * act 

I o 7 M ft on magneto 

frame armature gu de 

Armature A y JUS fable 

armature stop 

At normal voltages magnetic 
attraction between armature 
and frame is insufficient to lift 
armature and open control 
contacts At a voltage deter¬ 
mined by armature stop set¬ 
ting, armature is lifted to 
break (ontact circuit This 
voltage depends directly upon 
the distance between arma¬ 
ture and frame core 

2 Inverse Time-delay Relay 
Operates only on sustained 
peak voltages and will not in¬ 
terrupt service on momentary 
overvoltages Voltage relays 
may be used to mterloc k a c 
and d c power supplies when 
both are used on the sjjme 
controller The induction 
type of relay is for a c appli¬ 
cation only 

Movng statonary 
Contact contacf 

"5 —Ope at ng 

Alum num pn 

Permanent 

Punch ng 

Operates on induction prin¬ 
ciple for a c service only 
Main potential coil is below 
aluminum disk Upper two 
windings are energized by 
auxiliary coil on mam pole 
Interaction of magnetic fields 
from these coils produces 
tor<*ue to rotate disk and op¬ 
erate contacts when voltage is 
high Field of permanent 
magnets delays disk rotation 

IV Undervoltage 

1 Instantaneous Relay Ap¬ 
plied to a c or d c controllers 
to prevent motors from oper¬ 
ating on reduced voltage, 
which may affect motor speed 
or torque characteristics 
May be adjusted to release 
armature, or to “drop out” 
at a voltage near the ‘ pickup ” 
voltage, at which magnetic 
force closes armature 

Insulated operating rod 

\ ~ Stationary 

I contact 

coii mtj 

Nonmagnetic 
Iron JWV’ armature 
frame. . guide 

Armature 

Armature 

stop 

Operation is similar to in¬ 
stantaneous overvoltage relay 
but has make instead of break 
control contacts Since drop¬ 
out voltage is almost the sa^me 
as pickup voltage, relay may 
be used to prevent starting or 
operating on a predetermined 
undervoltage 
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Table 7.—Relay Classification.—( Continued) 
IV. Undervoltage 


Type and application 

Mechanical 

construction 

Principle of operation 

2. Inverse Time-delay Induc¬ 
tion Relay. This relay guards 
against sustained undervolt¬ 
ages. Where circuit breakers 
or latched-in contactors are 
used, it will deenergize control 
circuit before voltage becomes 
too low to operate tripping 
solenoids of circuit breaker. 
Control circuits may be ar¬ 
ranged so that it is impossible 
to start a motor unless voltage 
is correct. 

Operating 

pm Spring Moving 

ga ' contact- 

Safe 

AhStnuP 

Hisk con, ° rJ 

/'Permanent 

Punching 

Operation is similar to over¬ 
voltage type except for con¬ 
trol contact. By means of 
slide-wire resistor, disk torque 
may be adjusted to close con¬ 
trol contacts at a predeter¬ 
mined voltage and to release 
them when voltage drops. 
Rotation of disk through field 
of permanent magnets pro¬ 
vides inverse time characteris¬ 
tics. 


V. Polarity control 


1. Directional Relay. In 
many electrochemical proc¬ 
esses, a reversal of current may 
cause damage even if the cur¬ 
rent is small or of short dura¬ 
tion. This relay operates on 
voltage and can prevent ener¬ 
gization of a load circuit if 
its polarity is incorrect. The 
relay may also be used to shut 
down a generator if polarity 
is incorrect. 

Jo — D 0*^2 

j r. Nih Permanent 
~QCoil 1 r magnet 
'vbzsja armature 

o—%rtr-°2. 

r- —K-a Coil polarity 

1 " 1 correct 

3 - — fj-1- to a t tract 
—“ * armature 

Direction of current flow in 
coil either assists or neutral¬ 
izes flux from permanent mag¬ 
net . Armature is held in 
either attracted or repelled 
position depending upon coil 
polarity. 

2. Current and Voltage Relay. 
An ordinary voltage or cur¬ 
rent relay, upon which two 
coils may be installed, may be 
used for current-reversal pro¬ 
tection. Applied to a battery 
charging circuit, it prevents 
battery discharge through gen¬ 
erator if generator stops acci¬ 
dentally. 

Stationary Moving 
contacts contact 

Iron 

frame^X^Jy^ 3—4 

P i ft Armature 

Current or 
potential coils 

I 

Ampere turns produced by 
potential coil are sufficient to 
operate relay. Ampere turns 
produced by charging current 
through current coil also assist 
in holding relay closed. If 
generator voltage becomes 
lower than battery voltage, 
current reverses and tends to 
drive generator. Reversal of 
current in series coil neutral¬ 
izes magnetic effect of poten¬ 
tial coil and allows relay to 
open. 
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Table 7.—Relay Classification.—( Continued) 
VI. Field protection 


Type and application 


Mechanical 

construction 


Principle of operation 


1. Field-failure Current Relay. 
Prevents starting or running 
of a d.c. motor with open field 
circuit, since coil or coils are 
connected in series with motor 
field. On adjustable-speed 
motors, coils must be selected 
so that relay will operate on 
minimum field current and 
coils will not overheat on 
maximum field current. 


2. Differential Voltage Relay. 
A field-failure current relay 
will not provide protection 
when all or part of the field 
is shorted out because short- 
circuit current may still cause 
the current relay to hold 
circuit closed. A voltage re¬ 
lay used as differential relay 
protects against short circuit 
and field loss resulting from 
winding failure. 


Current passing through field, 
which is in series with coils, 
operates relay so that control 
circuit is effective. If field 
current fails, relay is deener¬ 
gized and control circuit opens. 


Voltage coils are connected 
across identical sections of 
field in such manner that 
magnetic force from one coil 
neutralizes that from the 
other. Armature will not 
move while this condition 
exists. If this balance is de¬ 
stroyed by winding failure or 
short circuit, relay operates 
to stop motor. 



Armature 


Current or 
potential coils 


3. Ratio Differential Relay. 
Protects against internal faults 
on a.c. apparatus by balancing 
current entering the apparatus' 
against the current leaving it. 
Each phase has a relay. 
Leakage of current from one 
phase to another or to ground 
can be detected and the appa¬ 
ratus disconnected before seri¬ 
ous damage occurs. Relays 
operate only on unbalance in 
the machine itself; not on 
system faults. 


Moving contact 


— Stationary 
Aluminum contact 
disk 


"Punching 
* Permanent 
magnet 


A field proportional to cur¬ 
rents in sum coils reacts with 
field proportional to their dif¬ 
ference. Resultant field tends 
to rotate disk. Quadrature 
flux is supplied to upper poles 
by transformer windings on 
each of lower poles. Current 
through sum coils tends to 
hold contacts closed. A cur¬ 
rent that is proportional to 
load current through differ¬ 
ence coil will open contacts. 
Current through difference 
coil is the difference between 
input and output currents. 
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Table 7. — Relay Classification. —( Continued) 
VI. Field protection 


1 

Type and application 

Mechanical ' 

construction 

Principle of operation 

4. Winding Temperature Re¬ 
lay. Protects against excess 
heat in windings of a.c. mo¬ 
tors. Before relay operates to 
stop a motor, (1) winding 
temperature must exceed cali¬ 
brated value, (2) line current 
must be above normal, and 
(3) these two conditions must 
exist for a predetermined time. 
Relay will not operate on 
transient overload. 

Moving contact 

Operates on Wheatstone- 
bridge principle. Two fixed 
resistances in relay serve as 
two arms of bridge, while 
two copper exploring coils 
embedded in winding serve 
for other two arms. At nor¬ 
mal operating temperature, 
no current flows in upper 
winding. If motor winding 
becomes overheated, bridge 
balance is destroyed and cur¬ 
rent flows in relay upper 
winding. Field thus produced 
by upper winding reacts with 
that of lower winding and pro¬ 
duces a torque to rotate disk 
to stop motor. 

Stationary 
Aluminum contact 
ohsk t 

Permanent ) 

i 

VII. Frequency control 

Frequency Relay. Prevents 
operation of induction or syn¬ 
chronous motor on higher or 
lower than normal frequency, 
which is proportional to motor 
speed. 

Stationary 
.contacts 
/ Batance \ 

2 arm 2 s 
^ mi X 

Armature Jjk A ''Armature 
Moctanct^- Remior 

As long as frequency for which 
relay is set remains constant, 
balance arm does not move. 
A change in frequency changes 
impedance of inductance coil 
and destroys magnetic bal¬ 
ance, since any frequency 
change has relatively little 
effect on resistor circuit. 


VIII. Phase reversal or failure of bearings 


Phase-reversal and Phase-fail¬ 
ure Relay. Prevents (1) 
change in direction of a.c. 
motor rotation and (2) opera¬ 
tion on single phase. Rever¬ 
sal of phase rotation in a poly¬ 
phase system reverses motor 
rotation. Failure of one 
phase would compel a motor 
to operate on single phase, 
with probable excess current 
and resultant overheating. 


Operates on same principle 
as two-phase induction motor. 
Eddy currents induced into 
aluminum disk react with 
rotating field to produce a 
torque. Disk tends to rotate 
and holds contacts closed if 
line-phase rotation is correct. 
If a line phase opens when 
motor is running, spring force 
opens relay contact because 
single phase develops no 
torque. If phases become re¬ 
versed, disk rotates to stop 
motor. If phase rotation is 
altered, a motor being started 
will run only an instant until 
relay operates._ 
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Table 7.—Relay Classification.—( Continued ) 

IX. Power factor 


Type and application 


Mechanical 

construction 


Principle of operation 


Power-factor Relay. Opens 
circuit and stops motor or re¬ 
synchronizes synchronous mo¬ 
tor when power factor of a.c. 
circuit drops below predeter¬ 
mined value. Principal ap¬ 
plication is to synchronous- 
motor controllers. Provision 
must be made on controller 
to make relay ineffective dur¬ 
ing starting period, as power 
factor is very low. 


Moving contact 

'^S^'stationarf 
Aluminum contact 
disk 



Punching 

Permanent 

magnet 


When voltage and current arc 
in phase, their magnetic fields 
produce no torque to rotate 
aluminum disk. Torque from 
the two fields is proportional 
to their product times the 
sine of the angle between 
them. Relay may be cali¬ 
brated to operate at 60 % lag¬ 
ging power factor. 


X. Zero speed relay 


Zero Speed or Plugging Switch. 
Used with reversing line 
starter to stop a.c. motor 
quickly after pushing. Stop 
button. When rated speed of 
coasting motor is “plugged” 
down to about 40 r.p.m. by 
application of a voltage of 
such phase rotation as to pro¬ 
duce an opposing torque, con¬ 
trol switch opens and oppos¬ 
ing voltage is removed. A 
typical device with the con¬ 
struction illustrated requires 
about bp. when driven 

at 1,800 r.p.m. 


Steel r,mg for Permanent- 
magnetic circuit magnet 

. rotor 

Aluminum ^s . ' 
cup .JET Motor 
i shaft 



*>/ 

1 Moving 
contact 
Armature Spring 
latch * 


Motor-driven permanent mag¬ 
net produces rotating field, 
which induces eddy currents 
in aluminum cup. Field and 
current produce torque, which 
rotates cup and closes its con¬ 
tacts. Cup is held in open 
contact position until speed 
or torque is sufficient to over- 
come restraining spring. 
Magnetic latch prevents acci¬ 
dental energization of control 
if shaft is rotated by hand. 
Hosing and opening charac¬ 
teristics may be adjusted by 
a spring. 


XI. Reverse-switch relay 


Current Relay. Prevents clos¬ 
ing of opposite-direction con¬ 
tacts as long as arc exists on 
the opened contacts of motor- 
reversing controller. On 
high-voltage a.c. circuits, such 
as 2,300 volts or higher, the 
arcs are more difficult to ex¬ 
tinguish when the line con¬ 
tactor opens. Should oppo¬ 
site-direction contactor be 
closed while arc remains • on 
other contactor, a short circuit 
will occur. 


To/me 



Stationary -Moving 
contact contact 


Armature and moving contact 
mechanisms are mechanically 
connected to line contactor 
so that armature is lifted and 
relay contacts are opened 
each time contactor is oper¬ 
ated. When contactor opens, 
relay armature is released and 
is mechanically free to fall but 
is held up magnetically as 
long as any current flows. 
Arc must be extinguished 
before relay contacts reclose. 
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Table 7.—Relay Classification. —( Continued) 
XII. Flashover protection 


Type and application 

Mechanical 

construction 

Principle of operation 

Voltage Relay. Disconnects 
motor from line if flashover 
occurs from commutator or 
slip rings to ground. Usually 
operates instantaneously and 
fast enough to prevent opera¬ 
tion of the system-protective 
relays and to avoid any great 
damage to motor. 

1 

~sf 

frame Armature 

Flash overs usually occur be¬ 
tween insulated circuits and 
frame of machine. Relay op¬ 
erates to deenergize motor 
power circuit when its voltage 
coil, which is connected to 
ground and machine frame, 
carries current from flashover. 

1 


XIII. Overspeed switch 


Centrifugal Switch. Prevents 
overspeed of motor or may be 
used as a governor. Actuates 
control equipment to maintain 
constant speed of rotation. 
Often used to maintain con¬ 
stant speed on universal or 
series motors applied to busi- 
nes machines. 


Insulation 
Stationary s/ 

contact * a mgs 

Moving gjjPy i^zp 
contact f Motor 

Spring K ■*? shaft 
J\' '2 
Brushes 


Contacts remain closed as long 
as spring pressure exceeds 
centrifugal force when device 
is rotated. Speed at which 
contacts open may be adjusted 
by spring or by varying mass 
of moving contact. Slip rings 
connect rotating mechanism to 
circuit. 


XIV. Thermal protection of bearings 


Thermostatic Relay. Protects 
bearings, resistors, cables, 
transformers, etc. against 
overheating. Thermostatic 
bulb may be located in 
material or in contact with 
material to be protected 
Where equipment has super¬ 
vision, relay usually actuates 
a signal to prevent unneces¬ 
sary shut downs. Where su¬ 
pervision is not maintained, 
relay may be used to stop 
motors. 


2 Stationor'y 
y* contac t 


Movmq { 
contact 

Bellows 



ILdT 


When temperature of material 
to be protected rises, liquid in 
contacting bulb volatilizes and 
creates pressure, which ex¬ 
pands bellows operating tog¬ 
gle mechanism. 




CHAPTER XXI 


NATIONAL CODES, INSTALLATION AND MAINTENANCE 

Two codes have been issued covering the installation of electric equip¬ 
ment; one has to do with fire protection and the other with safety to 
persons. Because control apparatus is the medium through which 
persons operate electric equipment and also because of its function of 
arc rupturing, this class of apparatus requires particular attention from 
the standpoints of both fire and safety. Some knowledge of these rules is 
necessary for a proper understanding of the controller problem. 

FIRE PROTECTION 

The National Board of Fire Underwriters has issued a set of rules 
known as the National Electrical Code. The rules of this code com¬ 
prise a set of regulations that must be followed when making electric 
installations if such installations are to be approved by the fire insurance 
companies. These rules are the result of many years of experience and 
a large amount of research work. The National Board of Fire Under¬ 
writers maintains laboratories for research and testing. Apparatus 
tested by the board and meeting its requirements is listed in a publication 
of approved apparatus. The rules and publications can be obtained on 
application to the respective issuing bodies. 

These rules have done great good in this country toward eliminating 
hazardous and flimsy construction in the design of electric apparatus 
and have afforded one of the incentives to maintain a high standard in 
electric apparatus. Any national set of rules exacts the same require¬ 
ments from every manufacturer and purchaser. When properly formu¬ 
lated, it is fair to all and a benefit to the industry. Electrical engineers 
connected with manufacturing companies and customers’ engineers 
responsible for applications have cooperated with the Underwriters in the 
formation of these rules, so that they represent the best combined thought 
in this country on the subject. 

RULES FOR THE SAFETY OF PERSONS 

The question of safety to persons may be considered with reference to 
three classes: 

1. The qualified person. This includes inspectors, repairmen, and electricians 
charged with the installation and maintenance of electrical apparatus. 

2. Operators. 
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3. Other persons. This classification includes the general public and all workmen 
or employees in an industrial establishment who are not directly charged with either 
the maintenance or the operation of any particular electric equipment. 

The question naturally arises as to who is a qualified person. At 
present, any manufacturer or owner may employ and authorize a person 
or persons to install, inspect, and maintain electric equipment. It is 
probable that, should an accident occur, the employer would be called 
upon to show that he had exercised care in the selection of such employees. 
In the future, legislation may require such persons to pass an examination 
and be licensed for this work. 

Injury from electric apparatus may result in a number of ways, the 
more common being as follows: 

1. Touching live parts. 

2. Arc or flash. 

3. Touching hot parts. 

4. Explosion of fuses. 

5. Gas or dust explosions. 

6. Injury from moving parts of a controller. 

7. Phase reversal. 

8. Unexpected starting. 

9. Overspeed. 

10. Lack of emergency stop. 

11. Over travel. 

12. Failure of power. 

13. Overload. 

Most of these hazards are avoided by the proper design and installa¬ 
tions of the electric equipment. 

The two hazards that most often result in accident are touching live 
parts and arc or flash. The arc or flash may injure a person by direct 
burning or by exposing his eyes to the rays of the arc. They are familiar 
to most electrical engineers. 

There are three general methods of guarding against the first six 
hazards mentioned. These are 

1. Enclosure. 

2. Isolation. 

3. Guards. 

The use of enclosures for all electric apparatus is rapidly extending. 
In industrial plants, the controller and switching mechanism will often be 
found protected by cabinets or other suitable means. I believe that we 
will soon use covers over the commutators and brushes of motors. All 
electrical connections should be made by means of conduit. These 
enclosures, of course, add something to the first cost of the equipment but, 
when they are properly designed, the cost is not out of proportion to the 
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results obtained. Even where state or local laws do not require this 
protection, we must never forget that our industrial workers are human 
beings of varying ages, and that many of them have the instinctive curi¬ 
osity of youth and are inclined to investigate any apparatus that they do 
not understand. 

Apparatus may be isolated so that it is accessible to qualified persons 
only, by one of the three following methods. 

]. Installed in a separate room with a locked door. 

2. Installed on a balcony, gallery, or platform so elevated and arranged as to 
exclude other persons. 

3. Elevated at least 8 ft. above the floor line or working platform. 

The first method is used for large motors, generators, and switch¬ 
boards where the expense of a separate room accessible only to authorized 
persons is justified. The other two methods are used for small motors 
and controllers installed about a manufacturing plant. 

Electric apparatus may be guarded by partitions, screens, fences, or 
rails, so arranged that only qualified persons may have access to the space 
within reach of this apparatus. This is a convenient method of protect¬ 
ing large switchboards or control panels, as well as large motors and 
generators, where a separate room cannot readily be provided. 

The National Electrical Safety Code gives a very full and complete 
discussion of the various forms of hazard and the protection against such 
hazard. This code does not go into sufficient detail for working pur** 
poses. It is, therefore, necessary to supplement this work with more 
detailed description and rules. 

Grounding.—In most cases the enclosure of the controllers or the 
frame of the machine should be grounded. This requirement is obvious 
te> those versed in the art. The exception to grounding is where the 
apparatus is accessible only to qualified persons and where insulating 
mats, platforms, or floors are provided surrounding the apparatus. In 
such cases no grounded parts should be within reach of the person working 
on the electric equipment. 

Disconnecting Means. —It is recognized that all electric equipment 
requires inspection, adjustment, and some repairs, such as renewals of 
brushes, contacts, etc. In order that it may be safe for a qualified person 
to perform this work, provision should be made for entirely disconnecting 
the apparatus from the source of electrical supply. 

Where this disconnecting means is not within sight of the person work¬ 
ing on the apparatus, means should be provided for locking it in the open 
position. This is usually done by a padlock. This requirement is also 
necessary where the apparatus driven by the motor is undergoing repairs 
or adjustments. Accidents have resulted from the unexpected starting 
of a conveyor or other machinery when a workman was repairing it. 
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The unexpected starting of a motor frequently results in accident. 
This can usually be guarded against by the proper design of control 
equipment. Low-voltage protection can be provided to prevent unex¬ 
pected restarting after a failure of power. The controller handle either 
may be removable or may be provided with a latch or lock in the Off posi¬ 
tion. The controller handle may catch in the clothes of a person working 
around this apparatus or it may become entangled in other apparatus 
that is being drawn by on trucks, etc., and the motor be started unex¬ 
pectedly. A latch will prevent this. 

All control apparatus should be so arranged that the circuit to the 
motor will be opened and remain open in case a pilot wire or a contact 
should fail. The only safe arrangement of a protective circuit is to per¬ 
mit operation only while the circuit is intact. The breaking of a wire or 
failure of power from some other cause should stop the motors. 

Working Space. —hi installing electrical apparatus, suitable working 
space should be provided and maintained about the equipment. Where 
a motor or a controller is mounted above the floor level, a suitable plat¬ 
form or other means of access should be provided. Although this is only 
a common-sense requirement, it is often overlooked 

Location of Controller. — It is desirable to have the controller located 
so that the motor and driven machinery will be in sight of the operator 
during the starting period. Where an arrangement of this kind is pos¬ 
sible, the operator can observe the apparatus during the starting period 
and, if an accident should occur, he can stop the motor promptly. Where 
the operator cannot be located so as to observe all the machinery during 
starting, additional precautions should be taken to protect persons who 
may be in or about the machinery at that time. For instance, Stop but¬ 
tons may be located at various convenient points that will enable some 
other person to stop the machinery promptly in case of accident. Another 
precaution would be to arrange the controller handle or the disconnecting 
means so that it can be locked in the open position by any person who 
might have occasion to work on the machinery and would be in danger if 
it were accidentally started. 

Resistors. —Resistors are used for the purpose of starting and regu¬ 
lating the speed of motors. Their function is to absorb electric energy 
and dissipate it as heat. In order that they may function properly, they 
must be provided wdth a reasonable amount of ventilation. This means 
that large units should not be located in a comer of the room remote from 
windows, or in any other restricted position. This is particularly true of 
resistors used for regulating the speed of motors. Unless the motor is 
very large or is started very frequently, the energy stored in the resis¬ 
tor during the starting period is small and the ventilation in the case of 
resistors used for starting only is not so important. 
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Resistors should not be mounted close to combustible material. When 
the resistor is mounted on the wall, an air space should be left between it 
and the wall. In general, it is safe to consider the resistor a mild form of 
stove or other heating apparatus and to take the same precautions in 
its installation that would ordinarily be taken in locating a stove or small 
heater. 


FIELD MAINTENANCE 

A systematic program for inspection and maintenance should be 
established and closely supervised. An adequate stock of renewal parts 
should be kept. The manufacturer will furnish a recommended list of 
such parts. 

Careful attention should be given to the following instructions: 

Clean the control of loose dirt with a low-pressure air jet or a hand 
bellows. Use a soft cloth for wiping the contacts and insulation. Do 
not use waste, as it sometimes contains metal particles. Renew dashpot 
oil frequently if it gets dirty and gummy. 

Inspect contact surfaces and adjust them so that contact is made 
throughout their entire width. Clean sliding contacts with fine sand¬ 
paper and remove the burrs with a file. Rolling contacts usually do 
better if not dressed down, as they burn to a good, though irregular, 
contact surface. Renew both contacts of a pair, when necessary, as a 
new one will not make good contact with an old one. Contacts that are 
seldom opened build up an oxide film on the contact surface and should be 
cleaned at frequent intervals with fine sandpaper. Use a small spring 
balance (see Fig. 32) to measure the closed-contact pressure and keep it 
within the limits specified by the manufacturer. Renew contacts before 
they wear down to a point where they do not properly function. 

Sliding contacts, such as in drum controllers, should be greased with 
a thin film of Vaseline. Wipe off all surplus Vaseline with a soft cloth. 
Do not use any lubricant on the sliding surfaces or bearings of controllers 
exposed to abrasive dust, as the lubricant holds the grit on the surface 
and increases the cutting action. Clean all surfaces before lubricating. 
Adjust drum controller fingers so that they drop Me to M in. below the 
drum surface. 

Clean the arc-box surfaces adjacent to the contacts, as the arcing may 
form a conducting crust on these surfaces and interfere with extinguishing 
the arc. 

Examine shunts for signs of breaking and renew them when necessary. 
See that the shunts are not distorted in any way. 

Check a.c. magnets to see if the armature seats properly; an increase 
in the closed air gap overloads the operating coil and may destroy it. 
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Clean and adjust all secondary contacts. Check all connections to 
be sure that they are tight. 

Check all safety features for proper operation. Before leaving, 
inspect the controller operation under load. An experienced man will 
note any parts that are not working properly. 

Overhauling. —From time to time, it is necessary to dismantle a con¬ 
troller for major overhauling. The insulation should be thoroughly 
cleaned and varnished. Remove parts clamped to the insulation and 
repair any damage. Renew asbestos linings of controller covers when 
they are exposed to arcing. 

Make sure that any paint or varnish used has suitable insulating 
properties. 

Renew worn bearing pins and bushings. Keep the diameter the same, 
so that standard pins will fit. 

Clean all clamped surfaces that carry current and give them a thin 
coating of solder to prevent oxidation. 

Examine all soldered joints and connections for corrosion from acid 
flux. Nonacid flux should be used. 

Paint all iron surfaces with good black enamel. 

The best results are obtained by using the renewal parts furnished by 
the manufacturer. 



CHAPTER XXII 


FUTURE CONTROL DEVELOPMENTS 

Prophecy is difficult but fascinating and sometimes useful if it is based 
upon experience. New developments are continually being made, some 
of them representing a definite departure from existing practice. All 
these changes must have careful consideration before they are placed on 
the market, as existing apparatus represents a large investment in engi¬ 
neering designs, tools, stock parts, printed matter, and the education of 
users. 

The Second World War has forced the development of many new 
things that will be made available to the public after the war. One of 
these is the electron tube, which is already in commercial use for motor 
control. It provides one method for converting from a.c. to d.c. power, 
with voltage control for adjustable speed of d.c. motors. Close speed 
regulation can be obtained with both current and torque control and 
other features can be added. We should expect important development 
in tube control for motors. 

Electron tubes can be used to convert from a fixed frequency to 
other frequencies by converting from a.c. to d.c. power and then from d.c. 
to a.c. power at the desired frequencies. This is a double conversion, but 
the simplicity of the squirrel-cage induction motor and the absence of 
exposed contacts make it very desirable for some applications and, if it 
can be supplied with adjustable frequency, there may be a real demand 
for such a control. Very little attention has been given to the hydraulic 
speed changer (similar to the Waterbury gear) for general-purpose 
applications. This device consists of a series of small adjustable-stroke 
pumps driven by a constant-speed motor (probably a synchronous motor). 
The load is driven by a similar device having a constant stroke. Its speed 
depends upon the volume of oil delivered by the pumps. When the 
pumps are reversed, the receiving device also reverses. 

This speed changer provides means for operating and reversing a load 
and changing its speed, all from a constant-speed synchronous motor, 
simply by mechanically changing the stroke and direction of the pump. 
A small pilot motor will effect this,change and can have electron-tube 
control. The electrical problem is simple, the real work is in producing 
the “hydraulic gear” at a cost that will give it this market. The hydrau¬ 
lic drive for automobiles may point to another device for this purpose. 
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It is probable that apparatus and systems used in telephone practice 
will prove useful in the supervisory part of motor control. This is par¬ 
ticularly true where electron tubes are used as part of the control. 
Radio signals and response have had some limited use in control and may 
be useful on a coding basis for initiating the control of motors where the 
installation and maintenance of wire control is difficult or where a port¬ 
able master switch is used. Communication control is not very far 
removed from motor control; it requires only a working knowledge of 
another type of equipment. 

More study will be given to power-factor correction and means for 
reducing the short-time peak loads. This will relate more to control 
systems than to control units. Existing designs will continue to be 
simplified, to be made more reliable and more compact, and to be pro¬ 
duced at a reduced first cost. Protection to persons is of increasing 
importance; this will influence control design to improve its protection 
against arcing and the exposure of live parts. 

Improvements in details always continue, with an occasional long 
step forward accomplished by some departure from existing methods or 
equipment. Every generation has its pioneers, often in the smaller 
companies that require novelty to widen their distribution. Motor 
designs are well stabilized, but the control field continues to offer many 
possibilities for new methods, greater convenience, better performance, 
and increased protection to persons and to property. 
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A 

Acceleration of motor speed, 67-94 
automatic means, 1 
counter e.mi., 68 
current limit, 70 
elementary example, 1-3 
manual vs. automatic, 8 
methods, 67 
secondary frequency, 92 
series lockout contactor, 71 
series relay, 70 
time delay by, 75-93 
dashpot, 75-77 
magnetic induction, 81, 84 
motor drive, 78-82 
tube, 85 

Accident precautions, clearance around 
apparatus, 314 

controller in sight of motor and 
machinery, 313 
disconnecting means, 313 
emergency stop button, 314 
enclosure of apparatus, 312 
grounding, 313 
guards, 313 

isolation of apparatus, 312 
locking in “off” position, 313 
starting unexpectedly, prevention, 314 
Accidents causing injury, 312 
A.c. controllers, 231-256 
A.c. motor curves of wound rotor type, 
100 

Adjustable speed control for a.c. motors, 
174-188 

analogy to d.c. motors, 174-175 
constant horsepower methods, 174-175 
constant torque methods, 175 
increased use in steel-mill applica¬ 
tions, curve, 188 
performance curves, 186, 187 
Adjustable-speed motors, 101, 174 
Adjustable-speed methods for a.c. motors, 
174-188 


Adjustable-speed methods for a.c. motors, 
Method 1, using rotary converter, 
constant hp., 178 

Method II, using rotary converter, 
constant torque, 179 
Method III, using three-phase com¬ 
mutator machine, constant hp., 182 
Method IV, using 3-phase commutator 
machine, constant torque, 180 
Method V, using frequency changer, 
constant lip., 184 

Method VI, using frequency changer, 
constant torque, 184 
AmpJidyne, General Electric, 160 
Amplification with electronic tubes, 283 
Arc, in air, forms oxide scale, 38 
centering, in box, 45 
more quickly extinguished by mag¬ 
netic blowout, 42 
Arc box, 46, 169 

Arc quenching, de-ion principle, 49 
under oil, 41 
reestablishing, 43 
rupturing, 42 
what it is, 42 
Arcing horns, 43 
Armature, series resistance, 95 
shunt resistance, 97 
Automatic vs. manual controllers, 8 
Autostarter (see Autotransformer starters) 
Autotransformer starters, 231-256 
closed-circuit transition, 246 
danger of open-circuit transition, 247 
multipoint starting, 246 
open-circuit transition, 244, 247 
underwriters' tests, 254 
use on other voltages and frequencies, 
255 

Autotransformers, distribution of cur¬ 
rent in windings, 244, 24^-249 

B 

Battery, storage, to excite fields, 136 
for locomotive, 117 
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Bearing thermostat, 310 
Blowout, magnetic, 42 
Booster, 140 
Brake shoe, 124 
clearance, 126 
Brakes, 123-134 
in a.c. circuits, 128 
adjustment, 126 
application, 134 
for cranes, 106, 108, 130 
in d.c. circuits, 123 
dynamic, 130 
friction, 123 

magnets for, polyphase, 129 
series or shunt coils, 128 
shading coil, 124, 128 
size, 127 

mechanical parts, 129 

for synchronous motors, 269 

torque and wheel diameter, curve, 127 

wear adjustment, 126 

wheel, calculating size of, 127 

C 

Cam controller, blowout, 215 
contacts, 213 
handles, 214 

restricted arcing space, 216 
types, 10, 212 
Cascade connections, 101 
Clearance around controllers, 40 
Classification of controllers, 8 
Codes, 311 

Coil temperature, 41-52 
Coils connected m parallel, 35 
Communication control, 283 
Compensator (see Autotransformer) 
Compression type controller, 192-195 
Condensers connected across coils, 35 
Contactors, electropneumatic, 169 
magnetic, 37-54 

air break preferable to oil break, 41 

arc rupturing, 42, 46, 49 

clapper type, 39-42 

diagram symbols, 30 

heating, 44 

lockout type, 72, 73 

rating, 52 

rupturing an arc, 42 
series-lockout type, 72-73 
for 2,200 volts (Fig. 48), 53 


Contacts, carry more ' current with 
increased pressure, 38 
copper, best material, 37 
heat radiated by mass of metal, 38 
method of testing pressure, 38 
rolling, 39 

sliding action removes scale, 38 
types, 39 

Control, future developments, 317-318 

Control systems, automatic, 8 
autotransformer, 244, 248, 249 
manual, 8 
multi volt age, 143 
rheostatic, 67-94 

secondary power from an external 
source, 174-188 
scries, parallel, 161 

bridging transition, 167 
open-circuit transition, 164 
shunt transition, 164 
variable voltage, motor-generator con- 
• trol, 95-104 

Controller application in, 105-122 
cranes, 105 

electric railways, 161-173 
machine tools, 115 
printing presses, 115 * 
pumps, 112 

steel mills, 143-160, 174-188 

Controller functions, 1-12 

automatic starting, stopping, regulat¬ 
ing speed of motor, 7 
braking or retardation, 122-134 
controlling speed, 5 
motor load limiting, 5 
protecting motor from injury, 7 
rotation reversing, 4 

Controllers, advantages and limitations 
of types, 8-12 
for a.c. motors, 231-256 
for cranes, 105 
for d.c. motors, 219-230 
electropneumatic, 171 
faceplate, 13-15, 216 
field rheostat, 193 
for squirrel-cage motors, 238 
for synchronous motors, 257-270 
type, cam, 10, 212 
compression, 216 
crane, 105 
dinky, 216 
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Controllers, type, drum, 209 
liquid, 145 

D 

Damper windings of synchronous motors, 
257 

Dashpot used for time delay acceleran 
tion, 75-77 

De-ion arc rupturing, 49 
Diagrams, 13-24 

how to make, detail information, 34-35 
markings, 29, 30 
master switch, 36 
types, control-circuit line, 25, 32 
control construction, 25 
control-sequence table, 25, 31 
control wiring, 25, 33 
elementary, 25, 31, 34 
external, 25 
how to read, 25 -36 
Diaphragm regulator, 109 
Dinky type controller, 215 
D.c. magnetic-contactor controller, 219- 
230 

motor curves of compound wound 
type, 97 

Drum controller, 17-209 
blowout, 212 
contact finger, 9, 211 
drum or cylinder, 209 
drum development, 18, 27 
finger pressure, 212 
lubrication, 212 
segment, 209 
star wheel, 209 
Dynamic braking, 130 
for adjustable-speed motors, 131 
aid to friction brake, 130 
for cranes, 106-108, 131 
with series motor, 131 
with shunt motor, 130 
for synchronous motors, 269 
for variable-voltage control, 144 

E 

Edge-wound resistor, 190 
Electron tube control, 271-283 
for a.c. motors applications, 279 
applications to industry, 283 
compensating for 111 voltage drop, 275 
converting from a.c. to d.c. power, 271 
current-limit control, 277 
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Electron tube control, limitations, com¬ 
mutation, 280 
frequency, 280 
heating, 280 

industrial applications, 280 
speed range, 280 
other uses, 282 

Klectropneumatic control, 170-171 
advantages and limitations, 173 
contactor, 169 

F 

Faceplate controllers, 13-17, 216 
diagrams, 14-16 
dinky type, 215 

Field control, failure protection, 298 
maintenance, 315 
rheostat, 193 

Fire control, code, 203, 206 
location of resistors, 314 
National Electric Code, 311 
Float switch for pumps, 110, 111, 113 
Flywheel, determining size, 150 
using with adjustable speed sets, 147 
Frequency and voltage applied to a.c. 

motor, secondary, 174-188 
Friction brake, 123, 125, 126, 129 
Functions of control, 1-12 
Fuses as a protective device, 284 
Future control developments, 317-318 
telephone practice, 318 
use of hydraulic gear, 317 

G 

Grid resistor, description, 189 
spacing of grids, 198 
spacing and heating, 197 
Grounding of controllers, 313 
Guarding, of controllers, 313 
persons, 312 

H 

Heating of, coils, 52 
contacts, 38 
resistors, 196 

High frequency with electronic tubes, 283 
Hunting in synchronous motors, 257 

I 

Injury to persons, by accident, 312 
precautions, 312 
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Installation of control, 311-316 
Isolation of controllers, 313 

L 

Light-ray control, 283 
Liquid controller, 234, 237 
Liquid slip regulator, 144-145 
Load, of a mine hoist, 150 

on a series motor, not less than 25 
per cent, 96 

Location of controller, 314 
Lockout contactors, 72-73 
Low-voltage protection, 228, 295 
Low-voltage release, 227, 295 

M 

Machine-tool diagrams, 115, 116 
Magnetic blowout, 43, 45 
Magnetic-contactor controller, 21, 219- 
230 

Magnetic contactors, 37-54 
Magnetic tune-delay acceleration, 81, 84 
Magnets for brakes, 127, 129 
Maintenance of equipment, 311 -316 
Manual controllers, 209-218 
advantages and limitations, 216 
cam type, 10, 212 
drum type, 17, 209 
faceplate, 216 
held rheostats, 193, 194 
maintenance in the field, 315 
overload protection, 228-229 
table, 300 

Master switches, drum type, 222 
grounded circuit, 36 
push-button type, 226 
for two panels, sneak circuits, 36 
Mechanical braking, 123-134 
Mine locomotive diagram, 117, 118 
Motors, d.c. motor starting, 1, 55 
heating and ventilation, 232 
induction motors, changing the start¬ 
ing torque, 242 

inductive effect on opening d.c. field 
circuits, 15 

pull-out torque of a.c. motors, 99 
relation between torque of a.c. motors 
and the voltage, 252 
starting torque with single-phase 
secondary, 236 
synchronous motors, 257-270 


Multiple connection of d.c. motors and 
generators in series, 152 
Multivoltage-control systems, 143 

N 

National codes, 311-316 
National Electric Code, 311 
National P^lectric Safety Code, 311 

O 

Oil-immersed contactors, 241 
Overhauling of control, 315 
Overload protection, feeder circuits, 285 
motor circuits, 145, 285 
table, 300 

Overload relay, adjustment of time 
element, 286 
automatic reset, 229-286 
electric reset, 229-286 
hand reset, 229-286 
inverse-time element, 287 
magnet reset, 286 
table of protecting relays, 300 
thermal trip, bimetal, 282, 283 
induction, 290, 294 
melting alloy, 293, 296 
time element, 286 

P 

Phase-failure protection, 298 
Phase-reversal protection, 296 
Pilot motor, time-delay acceleration, 78 
80 

Plugging controller, 132-133 
application, 134 
for series motor, 132 
Pneumatic contactor, 169 
Power-factor correction, 257, 269, 318 
Precautions against accidents, 311 
Pressure-gauge master switch, 111 
Pressure regulator, 109 
Printing-press controllers, 115 
Protection from, failure of motor field, 
298 

phase failure, 298 
phase reversal, 296 
overload, 285 
voltage failure, 295 
Protective devices, 284-310 
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Protective devices, table, 300 
(See also Relays) 

Pumps, capacity curve, 113 
controller, 109, 114 
Push buttons, 120 

R 

Railway control, 161 
Regeneration, 135-142 
definition, 135 
load as a generator, 135 
mechanical brake holds load, 136 
method of, field control, 136, 157 
compounding exciter, 136 
overloads, 137- 139 

protection from, voltage fluctuations, 
136, 139 

series-motor control, 142 
voltage control, 139 
steel mills, 1-42 
using a booster, 140 

Regulators, Ampledyne, General Elec- 
tric, 160 

constant-powor input, 149 
constant pressure, 109, 111 
motor speed-slip regulator, 144 -145 
Regulex, Allis-C'haliners, 158 
Rototrol, Westinghousc, 158, 159 
Relays, current limit, 285, 292 
field protection, 298 
low voltage, 295 
overload, 285, 292 
phase failure, 298 
phase reversal, 296 
reset for overload relays, 286 
table, 300 

thermal, bimetal, 292 
bimetal disk, 293 
magnetic induction, 290, 294 
melting alloy, 293, 296 
Resistance, calculations, 202, 203 
connecting in coil circuit, 35 
definition, 189 
not with a.c. coils, 36 
in series with motor field, 193-194 
speed-reduction formula, 201 
for starting motors, 203 
Resistors, 189-208 
application, 196, 200, 203, 207 
boss width of grids, 197-198 
calculations, 202-203 
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Resistors, care in selecting location to 
prevent fires, 203, 206, 214 
compression type, 192, 195 
continuous vs. intermittent duty, 205 
crane service, 199 
definition, 189 
disk type, 205 
edge wound, 190, 191 
grid type, 189 
heat radiation, 203 
location, 203, 206 
limiting temperature, 203 
plate type, 191 
rating, 203 
Ribohm type 1 , 194 
service application, 203 
speed-reduction formula, 201 
testing, 199 
tube type, 191 
Vitrohm type, 191, 192 
wire wound, 192 

Rheostats, liquid typo, 117, 145, 234 
(See also Resistors) 

Ribohm resistor, 194 
Rolling contacts, advantages, 39 
rolling action with sliding, 39 
sliding action, at minimum, 39 
Rototrol, Westinghouse, 158 
using Wheatstone bridge connections, 
159 

S 

Safety to persons, 311-312 
Safety codes, 312 
Safety devices, 284 
Series-lockout contactor, 72, 73 
Series-parallel control, 161-173 

advantages and limitations, 161-162 
electropneumatic controller, 169 
method of transition, 162 
bridging, 167 
open circuit, 164 
shunt, 164 

Series-relay acceleration, 70-71 
Series-wound motors, safe load not less 
than 25 per cent, 96 
Shoe brake, 124 
Short circuits, 52 
Shunt-field protection, 298 
Slip regulator, 144-145 
Sneak circuits, 36 

Special applications for control, 105-122 
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Speed control of motors, 95-104, 143- 
160, 174-188 

cascade connection of a c motors, 101 
changing the number of pdles, 102 
field control oi d e motors, 97 
secondary-resistor method for a c 
motors, 99 

secondary-voltage method, 174-188 
senes resistor for d c motors, 95, 90 
senes and shunt resistor, 97 
single-phase secondary resistor, 103 
voltage control, 98-143 
Starting-current peaks, 57 
Starting inotots, charactensties, 55 
mathematical analysis, 59 
number of steps, 50, 57, 62 
tests, 55-66 
zero-field strength, 57 
Steel mill, controller, 119 
master switch, 120-121 
Storage battery, 117 
Switches, cam, 213 
drum, 9 

float-master switch, 110-111, 113 
limit-master switch, 121 
master switches, 225, 226 
pressure-gauge master switch, 112 
pressure regulator, 109 
push-button stations, 226 
track-master switch, 121 
Synchronizing and pull-out protection, 
265, 266 

Synchronous-motor control, 257-270 
correcting pow er factor, 257, 269 
emergency stop, 269 
field-frequency method ol acceleration, 
260 

methods of acceleration, 257 
reduced-voltage starting, 259, 267 
resynchromzmg, 267 
slip-cycle impedance method of accel¬ 
eration, 266 

speed^and-time method of accelera¬ 
tion, 263. a 

starting similar to an induction motor, 
257 

synchronizing, 259 
T 

Terminal markings, 29 

Time element for overload trip, 285 


Time-element method of acceleration, 
75-93 

Torque, maximum of pull-out, 99 
starting, obtaining m synchronou 
motors, 257 

vanes as the square of the voltage, 10 
Transformer starters, 231-256 
Transition m electric-rail wav control, 16 
Two-speed a c. motors, 102 

U 

Under volt age protection and release 
(see Low-voltage protection, Low 
voltage release) 

V 

Variable-speed motors, 95-97 
Variable-voltage control, advantages, 14 
diagram, 144 
dvnamu braking, 156 
field control added, 146 
flywhec 1, use of, 147 
regeneration, 139 
for steel mills, 156 
Vitrohm iesistor, 191-192 
Voltage, bad effect of poor regulation, 5i 
relation between torque and voltage 
100 

Voltage control of d c motois, 143-160 
method of reversing, 144 
multiple' operation of several motor 
and generators, 152, 153 
protection, 154-156 
regulation, 154, 157 
Ampledyne, 160 
Regulex, 158 
Rototrol, 158, 159 

senes motor and senes generator, 166 
series-wound exciter, 155, 156 
slip regulator, 144, 145, 149, 150 
using, electronic tubes, 280 

flywl eel to absorb peak loads, 14' 
149, 150 

motor-generator set, 143 

W 

Water rheostat, 117 
Working space, 314 





